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INTRODUCTION GENERALE ET OBJECTIFS 
 
 
Pour beaucoup, les "poumons" de la planète sont les forêts terrestres, et principalement 
la forêt d'Amazonie. Mais les plantes terrestres ne sont pas les seules, et encore moins les 
principales, à rendre l'atmosphère terrestre viable. En effet, le phytoplancton -qu'il soit marin, 
d'eau douce ou saumâtre- fournit entre 60 et 80 % de l'oxygène (O2) atmosphérique et piège 
une grande partie du dioxyde de carbone (CO2) atmosphérique. Sans phytoplancton océanique 
en effet, les concentrations atmosphériques de CO2 augmenteraient de 150-200 ppmv, une 
fraction considérable comparée aux concentrations actuelles de 380 ppmv (Falkowski et al., 
2000). Ce phytoplancton est composé de toutes les espèces unicellulaires capables de faire de 
la photosynthèse, qu'il s'agisse de microalgues ou de cyanobactéries (Larousse). Mais son rôle 
va bien au-delà de sa capacité à utiliser le CO2 et libérer de l'O2. Il est en effet à la base de la 
chaîne alimentaire aquatique. A l'heure actuelle, quelques milliers d'espèces seulement ont été 
décrites (Sournia et al., 1991). Sachant que de nouvelles espèces sont décrites chaque année, 
ce nombre a dû fortement augmenter et reste probablement très largement sous-estimé. Ces 
espèces de phytoplancton se divisent en 4 groupes principaux (les diatomées, les 
dinoflagellés, les coccolithophoridés et les cyanobactéries). 
 
Certaines espèces de phytoplancton, dont des cyanobactéries, sont capables de former 
des efflorescences (Figure 1). Ces espèces se multiplient alors dans l'eau, jusqu'à atteindre des 
concentrations très importantes pouvant provoquer une coloration de l'eau (du vert aux 
différentes nuances de rouge/marron). En milieu marin, sur les ~ 6 000 espèces actuellement 
connues, environ 200 sont considérées comme toxiques (Smayda, 1997). Une espèce est dite 
toxique lorsqu'elle a des effets nocifs sur la santé humaine et/ou sur d'autres organismes, de 
façon directe ou indirecte. Le problème vient du fait que certaines de ces espèces toxiques 
sont également capables de former des efflorescences (par exemple Nézan et al., 2010). Ces 
espèces sont consommées par les maillons supérieurs de la chaîne alimentaire, les filtreurs, 
eux-mêmes consommés par des prédateurs, du poisson au mammifère marin en passant par 
les oiseaux et les êtres humains. Les toxines s'accumulent dans chacun des maillons de la 
chaîne alimentaire, entraînant des problèmes divers et variés, dépendant de la toxine et de sa 
quantité, et qui peuvent aller jusqu'à la mort de l'organisme intoxiqué (par exemple Pulido, 
2008). Ainsi chaque année, des centaines, voire des milliers de poissons, mammifères marins 
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et oiseaux meurent empoisonnés (par exemple, plus de 400 lions de mer sont morts en 
Californie en 1998, Scholin et al., 2000).  
 
 
Figure 1 : A. Efflorescence de coccolithophores, Bretagne, France, 15 juin 2004. B. Efflorescence de 
Microcystis aeruginosa, West Catawba Island, Lake Erie, USA, juillet 2009. C. Efflorescence de 
dinoflagellés à San Mateo, Californie, USA, 2009. 
 
L'être humain étant potentiellement touché, des mesures de prévention existent dans de 
nombreux pays. La concentration des espèces toxiques et des toxines est régulièrement 
mesurée dans l'eau et/ou les bivalves commerciaux, de façon à en interdire la récolte et la 
commercialisation dès qu'il y a un risque potentiel (rôle de l’IFREMER et du réseau REPHY 
en France). Parmi les espèces étroitement surveillées, on retrouve les diatomées du genre 
Pseudo-nitzschia. Ce genre regroupe actuellement 37 espèces, réparties dans tous l'Océan 
mondial, dont une partie est capable de produire de l'acide domoïque (Lelong et al., 2012b). 
L'acide domoïque est une toxine dite amnésiante, homologue de l'acide glutamique, un 
neurotransmetteur, dont elle prend la place au niveau des synapses neuronales (Pulido, 2008). 
Cette fixation entraîne, entre autre, des pertes de mémoire à plus ou moins long terme puis la 
mort de l'organisme (Pulido, 2008). Les oiseaux, mammifères marins et êtres humains sont les 
plus touchés par ces symptômes. En France on retrouve le genre Pseudo-nitzschia très 
fréquemment à des concentrations allant de quelques centaines jusqu'à plusieurs dizaines de 
millions de cellules par litre (Figure 2).  
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Figure 2 : Efflorescences de Pseudo-nitzschia spp. recensées en France pendant l'année 2008.  
D'après les données de l'IFREMER 
(http://envlit.ifremer.fr/var/envlit/storage/documents/parammaps/phytoplancton/index.html). 
 
Le genre Pseudo-nitzschia, découvert en 1987 lors d'un évènement toxique ayant tué 3 
personnes et rendu plus d’une centaine d’autres malades (Bates et al., 1989), a depuis été 
beaucoup étudié. Il s'est avéré que certaines espèces sont toxiques, d'autres pas, et que 
certaines espèces ont des souches toxiques et des souches non toxiques (Lelong et al., 2012b). 
Actuellement, aucune généralité n'a pu être établie pour savoir quand et pourquoi une souche 
est toxique ou non. Les diverses études se contredisent souvent, entre autre à cause de fortes 
différences entre espèces et même entre souches d'une même espèce. C’est pourquoi le 
premier chapitre de cette thèse est un état de l'art, aussi exhaustif que possible, qui 
regroupe les dernières avancées et découvertes faites sur le genre Pseudo-nitzschia (Lelong et 
al., 2012b).  
 
Nous avons ainsi décidé de nous intéresser, dans le cadre de cette thèse, à l'influence 
des facteurs biotiques (interaction avec les bactéries et d'autres espèces phytoplanctoniques) et 
abiotiques (impact des métaux fer et cuivre) sur la toxicité de deux espèces de Pseudo-
nitzschia, P. multiseries et P. delicatissima. L'originalité de notre démarche réside dans notre 
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volonté de comprendre le lien entre toxicité et état physiologique. L'acide domoïque étant un 
composé secondaire, sa production n'est en effet pas essentielle à la croissance de la cellule. 
On peut donc supposer que cette production est liée à l'état physiologique des cellules et 
régulée pour une (des) raison(s) précise(s).  
 
Pour confirmer cette hypothèse, il a tout d'abord fallu mettre au point des mesures de 
l’état physiologique de Pseudo-nitzschia. Le deuxième chapitre présente ainsi la mise au 
point des techniques pour la mesure de paramètres physiologique des cellules de Pseudo-
nitzschia à l'aide de nouveaux outils (cytométrie en flux et "pulse-amplitude modulated" 
fluorimetry, ou PAM) (Lelong et al., 2012a), ainsi que les espèces sur lesquelles cette thèse a 
été menée. En utilisant ces techniques, les études présentées dans les chapitres 3 à 6 ont 
ensuite permis d'explorer le lien entre la production d’acide domoïque et un état 
physiologique précis, en conditions contrôlées de compétition biotique (bactéries et 
phytoplancton: chapitres 3 et 4) ou de limitation/stress par les métaux (fer et cuivre: chapitres 
5 et 6). 
 
Le troisième chapitre de cette thèse est centré sur la compétition entre deux 
diatomées et son impact sur la production d’acide domoïque, la physiologie de Pseudo-
nitzschia et les communautés bactériennes associées à ces diatomées (Lelong et al., in prep.-
a). Le genre Pseudo-nitzschia étant présent dans le monde entier, et capable de produire des 
efflorescences dans des conditions environnementales très diverses, il a nécessairement des 
mécanismes d’adaptation qui l'avantagent face à ses compétiteurs phytoplanctoniques, 
potentiellement via la production d'acide domoïque.  
 
En l’absence de bactéries, une souche toxique ne produit plus, ou presque plus, d’acide 
domoïque (Bates et al., 1995). Le quatrième chapitre présente ainsi nos travaux pour étudier 
l'impact des bactéries sur la production d'acide domoïque (Lelong et al., in prep.-b). Nous 
avons ainsi voulu savoir si la présence de bactéries liées à une souche toxique pouvait rendre 
une souche, initialement non toxique, toxique. Et à l’inverse, les bactéries liées à une souche 
non toxique peuvent-elles faire perdre leur toxicité à une souche initialement toxique ? De 
plus, quel est le lien entre les bactéries, la production d'acide domoïque et l'état physiologique 
des cellules ?  
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Les travaux des deux chapitres suivants se focalisent sur l'hypothèse selon laquelle 
l'acide domoïque, un chélatant du fer et du cuivre, serait produit en conditions de toxicité par 
le cuivre et de limitation par le fer et le cuivre (Rue and Bruland, 2001, Maldonado et al., 
2002, Wells et al., 2005). Pour étudier de façon plus directe ce lien entre l'acide domoïque et 
la disponibilité en fer et cuivre dans le milieu, deux conditions différentes ont été testées. Le 
cinquième chapitre s'intéresse à l’effet d’une dose toxique de cuivre. Deux espèces de 
Pseudo-nitzschia, une toxique et une non toxique, ont été utilisées afin de vérifier si la toxicité 
en cuivre peut induire la production d'’acide domoïque même chez une espèce a priori non 
toxique, et ce en lien avec l'état physiologique des cellules (Lelong et al., 2012a). Le sixième 
chapitre s’est basé plus particulièrement sur l’hypothèse de Wells et al. (2005) supposant que 
chaque espèce de Pseudo-nitzschia peut être toxique et que cette toxicité est liée à la 
disponibilité en fer et cuivre, via la compétition pour ces micronutriments (Lelong et al., in 
prep.-c). Une espèce non toxique a donc été soumise à des limitations en fer et en cuivre afin 
de suivre la production potentielle d'acide domoïque. Le suivi de l'état physiologique des 
cellules a également permis de tester si la limitation en cuivre se résume, in fine, à une 
limitation en fer comme supposé par une partie de la communauté scientifique (par exemple 
Peers et al., 2005, Maldonado et al., 2006). 
 
Enfin, la dernière partie de cette thèse est une synthèse des résultats obtenus dans les 
chapitres précédents. 
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ETAT DE L’ART 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPITRE 1 – ETAT DE L'ART 
Article : 
 
Lelong A., Hégaret H., Soudant P., Bates S. S. 2012. Pseudo-nitzschia (Bacillariophyceae) 
species, domoic acid and amnesic shellfish poisoning: revisiting previous paradigms. 
Phycologia 51(2):168-216. 
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COMMENT SUIVRE LES VARIATIONS PHYSIOLOGIQUES 
DE PSEUDO-NITZSCHIA SPP. ? 
 
 
 
 
 
 
 
Pseudo-nitzschia multiseries et P. delicatissima, marquées au BODIPY (en haut) et au FDA 
(en bas). 
 
 
CHAPITRE 2 – COMMENT SUIVRE LES VARIATIONS 
PHYSIOLOGIQUES DE PSEUDO-NITZSCHIA SPP. ? 
Article :  
 
Lelong A., Hégaret H., Soudant P. 2011. Cell-based measurements to assess physiological 
status of Pseudo-nitzschia multiseries, a toxic diatom. Research in microbiology 
162:969-981.  
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2.1. Préambule 
 
 Depuis une trentaine d'années, les scientifiques ont commencé à s'intéresser à 
l'écophysiologie du phytoplancton (par exemple Bates, 1998). Les premières études 
consistaient uniquement à suivre le taux de croissance des algues dans différents 
environnements contrôlés (par exemple Rueter et al., 1981). Sont ensuite apparues les 
mesures de chlorophylle a en environnement contrôlé ou naturel, avec au départ un simple 
dosage global, puis ensuite le dosage des différents pigments et enfin des mesures de 
photosynthèse (par exemple Appenroth et al., 2001). Une microalgue ne se résume cependant 
pas uniquement à ses chloroplastes, la photosynthèse seule ne permettant pas de comprendre 
de quelle façon les cellules sont, ou non, affectées par leurs conditions environnementales. 
Depuis quelques années, différents outils, issus pour la majorité de la médecine, ont été 
adaptés pour permettre des mesures plus précises de la physiologie des cellules, dont 
notamment la cytométrie en flux (par exemple Jochem, 2000).  
 
L'objectif de ce chapitre est de présenter (i) les espèces sur lesquelles cette thèse a été 
menée et leurs conditions de culture (partie 2.2.) et (ii) la mise au point des mesures de la 
physiologie des cellules d'une espèce de Pseudo-nitzschia, P. multiseries, à l'aide de nouveaux 
outils (cytométrie en flux et "pulse-amplitude modulated" fluorimetry, ou PAM), pour 
certains jamais encore appliqués au milieu marin (partie 2.3., Lelong et al., 2011). Ces outils 
permettent de quantifier l'efficacité de la photosynthèse et d'estimer le fonctionnement du 
métabolisme primaire des cellules, mais aussi le stockage d'énergie excédentaire sous forme 
de lipides, la mortalité des cellules et des bactéries libres dans le milieu. Le but de ces 
mesures est de mieux comprendre et caractériser le fonctionnement de la cellule et de savoir à 
quel niveau le métabolisme est affecté dans des conditions environnementales variables. Ces 
mesures ont été appliquées au suivi d'une culture tout au long de sa croissance. Comme 
l'espèce étudiée est une espèce productrice d'acide domoïque, la quantité d'acide domoïque 
excrétée et cellulaire a également été mesurée.  
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2.2. Espèces modèles 
 
Les études ont été menées sur deux espèces de Pseudo-nitzschia : Pseudo-nitzschia 
multiseries (Hasle) Hasle et Pseudo-nitzschia delicatissima (Cleve) Heiden (Figure 1).  
 
Fig. 1: Cellules de Pseudo-nitzschia delicatissima Pd08RB et Pseudo-nitzschia multiseries CLNN-16 
observées en lumière blanche, objectif 100. 
 
Deux souches différentes de P. multiseries ont été utilisées durant cette thèse : CCAP 
1061/32 (isolée en Angleterre) et CLNN-16 (isolée dans la baie de Fundy, Canada). La 
souche CCAP 1061/32 a été identifiée par Véronique Creach tandis que la souche CLNN-16 
m'a été gracieusement donnée après identification par N. Lewis. La souche de P. delicatissima 
utilisée a été isolée en Rade de Brest par Béatriz Beker au printemps 2008 et nommée 
Pd08RB. Son identification a été réalisée premièrement par microscopie (de façon à 
déterminer son groupe) puis par biologie moléculaire. Après extraction de l’ADN de cette 
souche, le fragment ITS-1 a été amplifié puis séquencé au laboratoire de Milford 
(Connecticut, USA), lors d'un séjour de 2 mois que j'ai effectué en 2009. Le fragment ainsi 
séquencé a été aligné sur les séquences existantes de Pseudo-nitzschia dans GenBank et 
identifié comme appartenant à l'espèce P. delicatissima.  
 
Ces deux espèces ont été cultivées en milieu f/2, dans des armoires de culture 
permettant un contrôle de la température (16°C) et de la lumière (130 µmol photons m-2 s-1, 
cycle jour/nuit de 12:12h). Dans ces conditions, les deux souches de P. multiseries 
produisaient de l’acide domoïque à des niveaux détectables par kit ELISA (kit Biosense), 
contrairement à P. delicatissima. Ces deux espèces ont été maintenues dans les mêmes 
conditions de culture tout au long de ma thèse, conditions qui ont été les mêmes pour tous les 
articles présentés dans ma thèse, à l’exception de l’article traitant de la toxicité en cuivre 
(cultures à 17°C et 155 µmol photons m-2 s-1) et des limitations en fer et cuivre (milieu de 
culture AQUIL). 
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2.3. Article 2 – Cell based measurements to assess physiological 
status of Pseudo-nitzschia multiseries, a toxic diatom  
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2.4. Conclusion 
 
L'utilisation de sondes fluorescentes a permis de suivre la physiologie de P. 
multiseries tout au long de sa croissance, et surtout d'observer les variations de physiologie au 
cours des différentes phases de croissance et d'étudier les états physiologiques associés à 
chaque phase de croissance. Ainsi, en phase exponentielle, les cellules se divisent et utilisent 
toute l'énergie disponible pour leur métabolisme primaire, très fort en début de phase 
exponentielle. Les cellules ne stockent donc pas de lipides, et utilisent même leurs lipides de 
réserve. Elles ne sont pas non plus capables de produire de l'acide domoïque, l'énergie n'étant 
pas disponible pour le métabolisme secondaire. Leur photosynthèse est par contre très 
efficace, pour permettre ensuite aux cellules l'acquisition de carbone, nécessaire à la division 
cellulaire. En phase stationnaire, à l'inverse, la photosynthèse devient moins efficace, les 
cellules ne se divisent plus et stockent donc l'énergie accumulée sous forme de lipides de 
réserve. La synthèse d'acide domoïque est aussi forte en fin de phase exponentielle-début de 
phase stationnaire, quand l'énergie disponible peut enfin être allouée au métabolisme 
secondaire. Cette production démarre après un pic de forte activité des estérases. Arrivées en 
phase stationnaire, les cellules, généralement limitées en CO2 et en silice, commencent à 
mourir. 
 
Les mesures physiologiques mises au point dans ce chapitre permettent donc de définir 
l'état physiologique des cellules, en étudiant non seulement leur photosynthèse, mais aussi 
leur métabolisme primaire, l'état de leurs réserves énergétiques et leur production d'acide 
domoïque. Ces mesures ne sont pas uniquement applicables à Pseudo-nitzschia mais 
potentiellement à toutes les espèces de microalgues assez petites pour passer au cytomètre en 
flux (< 80 µm). Elles ont ainsi été appliquées à d'autres espèces dans le cadre d'une 
collaboration avec Dr. Dianne Jolley de l’Université de Wollongong, Australie. Le 
métabolisme des cellules de Pseudo-nitzschia variant probablement en fonction des 
conditions de cultures, les techniques pour mesurer l'état physiologique des cellules mises au 
point dans ce chapitre sont appliquées à des cellules subissant des stress biotiques et 
abiotiques dans les études présentées dans les chapitres suivants. 
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3.1. Préambule  
 
Des milliers, voire des millions, d'espèces de microalgues peuplent l'Océan mondial. 
Même si l'Océan mondial couvre une vaste surface, les différentes espèces ne sont jamais 
seules et plusieurs cohabitent dans une même niche écologique. Si les espèces n'ont pas toutes 
les mêmes besoins, ce qui leur permet de cohabiter, elles peuvent à un moment donné entrer 
en compétition, soit pour l'acquisition des nutriments (par exemple Yoshiyama et al., 2009), 
soit pour l'espace (par exemple Smayda, 2002) ou encore pour la lumière (par exemple 
Yoshiyama et al., 2009). La diatomée Pseudo-nitzschia fait partie de ces microalgues 
capables de former des efflorescences, pas forcément mono spécifiques (Quijano-Scheggia et 
al., 2008). Elle est donc parfois capable de l'emporter en terme de concentration et de 
biomasse sur les autres espèces phytoplanctoniques, qui par ailleurs survivent à ces 
efflorescences de Pseudo-nitzschia par exemple (REPHY, Ifremer). Pour ce faire elle a dû 
développer des mécanismes spécifiques. Les cellules de Pseudo-nitzschia n'étant pas 
allélopathiques (Lundholm et al., 2005), l'adaptation est très probablement physiologique et la 
production d’acide domoïque pourrait jouer un rôle pouvant favoriser Pseudo-nitzschia au 
détriment d'autres espèces. L'acide domoïque est en effet un chélatant du fer et du cuivre (Rue 
and Bruland, 2001) et pourrait donc être produit pour acquérir fer et cuivre aux dépens de ses 
compétiteurs, microalgues comme bactéries. L'acide domoïque étant produit en conditions 
non limitantes, son rôle n'est probablement pas limité à l'acquisition de métaux en conditions 
limitantes ou toxiques. 
  
Nous avons donc voulu savoir comment Pseudo-nitzschia multiseries pouvait s'adapter 
à la présence de Chaetoceros neogracile, une diatomée dont on retrouve le genre sur les côtes 
bretonnes et qui forme des efflorescences à la même période que Pseudo-nitzschia spp. 
(REPHY). Cette adaptation passe-t-elle par la production d’acide domoïque et/ou par des 
modifications physiologiques ? La physiologie et la production d'acide domoïque de P. 
multiseries ont donc été suivies en mono- et co-cultures avec C. neogracile afin de voir 
quelles modifications physiologiques étaient mises en place en cas de compétition, et à quel 
niveau de compétition (plus ou moins de compétiteurs). 
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3.2. Article 3 - How does Pseudo-nitzschia multiseries, a toxic 
diatom, compete with diatoms of the Chaetoceros genus? 
 
 
 
How does Pseudo-nitzschia multiseries, a toxic diatom, compete with 
diatoms of the Chaetoceros genus? 
 
Aurélie Lelonga, Hélène Hégareta, Philippe Soudanta* 
 
 
a
 Laboratoire des sciences de l'environnement marin (LEMAR), UMR6539, Institut 
Universitaire Européen de la Mer (IUEM), Place Nicolas Copernic, 29280 Plouzané, France. 
 
*Corresponding author: e-mail: philippe.soudant@univ-brest.fr 
address: LEMAR-IUEM, Place Nicolas Copernic, 29280 Plouzané, France 
phone: +33298498623 
fax: +33298498645 
 
Running head: competition between two diatoms. 
Chapitre 3 – Compétition 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 
- 75 - 
Abstract 
Diatoms Pseudo-nitzschia spp. are capable of blooming under different environmental 
conditions. As Pseudo-nitzschia spp. are not known to produce allelopathic compounds, 
competitive interactions with other phytoplankton are likely based upon metabolic 
performance. In this study, we used flow cytometry to assess the physiology of Pseudo-
nitzschia multiseries co-cultured with different concentrations of a non-toxic and non-
allelopathic diatom, Chaetoceros neogracile. Competition caused a decrease of the growth 
rate of C. neogracile; conversely, P. multiseries growth rate was not modified. Culture of P. 
multiseries reached a higher maximum cell density in co-cultures, independent of the cell 
density of C. neogracile. To maintain growth rate, P. multiseries modified metabolism, 
enhancing both primary metabolism (esterase activity) and photosynthetic capacity 
(chlorophyll autofluorescence), with cells exposed to higher densities of C. neogracile 
exhibiting the highest metabolic modifications. As a result, P. multiseries exposed to higher 
C. neogracile cell densities had higher lipid content, especially in late-log and stationary 
growth phases. Presence of C. neogracile as a competitor did not modify domoic acid 
production by P. multiseries. 
 
Key words: diatoms, competition, Pseudo-nitzschia, domoic acid
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Introduction 
As demonstrated by Hutchinson (1961) with a phenomenon named the paradox of the 
plankton, single species of phytoplankton can never been found alone in the environment. 
Indeed, high number of phytoplanktonic species can co-exist with no exclusion, while living 
with some limited resources. Many factors could explain this paradox, such as symbiosis and 
commensalism, differential pressure of predation, or rapid environmental change 
(Hutchinson, 1961). Recent work has proposed that this paradox can be resolved by factors 
such as size-selective grazing (Wiggert et al., 2005), spatio-temporal heterogeneity (Miyazaki 
et al., 2006) or environmental fluctuations (Descamps-Julien and Gonzalez, 2005). More 
generally, some researchers suggest that ecological and environmental factors continually 
interact such that the planktonic habitat never reaches an equilibrium for which a single 
species is favoured (Scheffer et al., 2003). Very rarely, a mono-algal bloom can occur, but 
this never lasts very long (Millie et al., 1997). More often, when one species blooms, the other 
surrounding microalgae can survive and continue growing alongside the dominant species 
(e.g. during a Pseudo-nitzschia sp. bloom, Quijano-Scheggia et al., 2008). Sometimes, a 
bloom can be formed and composed by different species, as observed in the spring when the 
“diatom bloom” occurs (Suzuki et al., 2011). During blooms, nutrients are quickly removed 
from the water (Hayakawa et al., 1997), especially silicates (Diekmann et al., 2009), and there 
is competition for light (Litchman, 2003), also depending on nutrients (Floder and Burns, 
2005). To survive in such an environment, algae have thus to develop different mechanisms. 
Allelopathy can be one of them (Legrand et al., 2003), but depends on species-specific 
interactions (Tillmann et al., 2007) and is thus only suitable to remove some competitive 
species. For non allelopathic species, being a better competitor, as well as developing specific 
metabolism (e.g. using less light, Yoshiyama et al., 2009) are others ways to survive, 
regardless of the competitor and its species (i.e. both intra- and inter-species competition).  
 
Species of Pseudo-nitzschia are known to produce domoic acid (DA), a neurotoxin, but 
neither the cells, nor the toxin, have been shown to be allelopathic to other potentially-
competing phytoplankton (Lundholm et al., 2005). Nevertheless, Pseudo-nitzschia species are 
found all around the world (reviewed by Lelong et al., 2012b) and often co-occur with many 
other species (Almandoz et al., 2008), including Chaetoceros spp. (Gailhard et al., 2002). 
This is often the case in France, in the coastal waters of Brittany, where Pseudo-nitzschia spp. 
cells are often observed at various concentrations co-occurring with blooms of Chaetoceros 
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spp., including Chaetoceros socialis. These two genera have been observed to bloom together 
in the spring (e.g. in Douarnenez Bay, Brittany, with co-occurrence in March and May-
August 2010 at 105-106 cells l-1, REPHY). Both species are thought to be competitors for the 
same resources. As DA has been shown to be a chelator of copper and iron (Rue and Bruland, 
2001), a hypothesis may be that DA is produced by Pseudo-nitzschia to outcompete other 
algae for the acquisition of trace metals. Some non-toxic species of Pseudo-nitzschia can also 
bloom (Kaczmarska et al., 2007), suggesting that DA cannot be the only mechanism used 
competitively by Pseudo-nitzschia. Physiological adaptations or different mechanisms 
probably occurred depending on intra and inter-specific competition.  
 
The aim of this study was therefore to assess the impact of competition on the physiology of 
Pseudo-nitzschia spp., analysing interactions between P. multiseries and C. neogracile, with 
special focus on P. multiseries. Cells of P. multiseries and C. neogracile were co-cultured 
with three different initial concentration ratios (P. multiseries:C. neogracile ratio of 1:0.5, 1:1 
and 1:2), to assess how cell density can influence the outcome of competition. As mentioned 
previously, Pseudo-nitzschia species do not seem to produce any allelopathic compounds 
(Lundholm et al., 2005). Both species, P. multiseries and C. neogracile, were nonetheless also 
tested and confirmed non allelopathic (by testing effect of supernatant of P. multiseries on C. 
neogracile and of C. neogracile on P. multiseries, data not shown), thus only competition was 
examined. To assess if and how P. multiseries modifies its metabolism during competition, 
flow cytometry (FCM) was used. Compared to traditional methods where cells were only 
counted, FCM allowed measurements of cell physiology. Physiological measurements 
included the percentage of dead cells, primary metabolic activity through esterase activity, 
and energy storage in lipid. Measurements of DA content and bacterial density were also 
performed.  
 
Material and methods 
Culture conditions 
Batch cultures of the marine diatoms Pseudo-nitzschia multiseries CCAP 1061/32 and 
Chaetoceros neogracile CCAP 1010/3 were grown in sterilized f/2 medium (Guillard and 
Hargraves, 1993) at 16.6°C (±1.0°C). Cultures were illuminated by cool-white bulbs 
(OSRAM) on a dark:light cycle of 12:12 h with an irradiance of 131 µmol photons m-2 s-1. 
Cultures contained bacteria and were grown without antibiotics.  
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Experiment 
Cultures of P. multiseries in mid-exponential phase were inoculated at 4200 cells ml-1, in 
triplicate, both in mono-algal cultures or in bi-algal cultures with different cell densities of C. 
neogracile, to obtain ratios of P. multiseries:C. neogracile of 1:0.5, 1:1 and 1:2. Cultures of 
C. neogracile were inoculated at 2000, 4000 or 8000 cells ml-1, both in mono-algal cultures or 
in bi-algal cultures. Before each sampling, cultures were homogenized by gentle manual 
shaking. Both algae and bacteria were counted in cultures from flow-cytometer plots. 
Physiological measurements (see below) were performed on P. multiseries cells (both in 
mono-algal and in bi-algal cultures) on days 3, 5, and then every day until the end of the 
stationary phase (between day 7 and day 19).  
 
Specific growth rate, morphological and physiological variables  
Cell count, morphological and physiological measurements, quantification of bacteria 
associated to P. multiseries, and percentage of dead bacteria in the cultures were assessed 
using flow cytometry according to Lelong et al. (2011). A flow cytometer (FACSCalibur BD 
Biosciences, San Jose, CA, USA) with a blue argon laser (488 nm) was used, with the same 
settings for the duration of the experiment to allow comparison between days. Cells of P. 
multiseries and C. neogracile were distinguished using Forward Scatter (FSC, light scattered 
less than 10 degrees) and Side Scatter (SSC, light scattered at a 90 degree angle). 
 
Specific growth rate and morphological variables  
Specific growth rate (µ, d-1) and rate of decline (d-1) were determined by linear regression of 
the natural log (cell density) versus time using the following formula during exponential 
phase and stationary phase respectively. 
Growth and decline rate = ln(N1-N0)/∆t (in days). 
FSC and SSC were also measured to provide light diffraction related to morphological 
information.  
 
Physiological measurements 
FL3 fluorescence (red fluorescence at 670 nm) was used as a relative index of cellular 
chlorophyll content. Mortality of P. multiseries was assessed by staining cultures with 0.1 µM 
of SYTOX Green (Molecular probes, Invitrogen, Eugene, Oregon, USA) for 30 minutes and 
quantifying FL1 fluorescence (stained cells were considered as dead cells). Esterase activity 
(an indicator of primary metabolic activity) was assessed by staining with 3 µM of fluorescein 
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di-acetate (FDA, Molecular probes, Invitrogen, Eugene, Oregon, USA) for 6 minutes and 
quantifying FL1 fluorescence. A working solution of FDA at 300 µM was prepared before 
each experiment. Intracellular lipid content was assessed by staining lipids with 10 µM of 
BODIPY 493/503 (Molecular probes, Invitrogen, Eugene, Oregon, USA) for 30 minutes and 
quantifying FL1 fluorescence. 
 
Domoic acid 
Domoic acid (DA) content was quantified using ASP ELISA kit (Biosense Laboratories, 
Bergen, Norway), following the manufacturer’s protocol. Each triplicate culture was analyzed 
with technical duplicates. Total DA (both intracellular and dissolved) was measured on 
sonicated cultures, and dissolved DA was measured after filtration of fresh cultures at 0.22 
µm. Intracellular DA was calculated by deducting dissolved DA from total DA. 
 
Bacteria 
Cell density and viability of free-living bacteria associated to P. multiseries and C. neogracile 
cultures were also assessed using flow cytometry according to Lelong et al. (2011). Briefly, 
bacteria were analyzed after 15 min incubation with a final concentration of 1/10000 of the 
commercial solution of SYBR Green I (Molecular probes, Invitrogen, Eugene, Oregon, USA) 
and propidium iodide (PI, Sigma, St. Louis, MO, USA) at 10 µg ml-1. 
 
Statistics 
Effect of competition on the growth rate and maximal concentration of both P. multiseries 
and C. neogracile was tested using one way ANOVAs with the software StatGraphics Plus 
(Manugistics, Inc, Rockville, MD, USA). The test of rank used was the Tukey test (variance 
homogeneity was first tested and confirmed for all variables). To compare P. multiseries 
physiology with or without C. neogracile, one way ANOVAs were performed on each day 
and the Tukey rank test was used. For all statistical results, a probability of p < 0.05 was 
considered significant. 
 
Results 
Growth of Chaetoceros neogracile and Pseudo-nitzschia multiseries 
Cultures of C. neogracile grew with a growth rate between 0.55 and 0.60 d-1 when inoculated 
alone (Fig 1A). Competition with P. multiseries caused a decrease in growth rate of C. 
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neogracile (p < 0.01), but no effect of the P. multiseries:C. neogracile ratio upon C. 
neogracile growth rate was found (p > 0.05, Fig. 1A). Decrease in growth rate of C. 
neogracile was not dependent upon inoculum size (Fig. 1B) when grown alone. When co-
cultured with P. multiseries, C. neogracile decline rate was less rapid, resulting in a longer 
stationary phase (Fig. 1B-C). The P. multiseries decline rate was slower the higher the initial 
ratio (i.e. with higher number of P. multiseries per C. neogracile cell). Although C. 
neogracile did not grow as quickly, it reached higher maximum cell densities when grown 
with P. multiseries than when grown alone (Fig. 1C).  
Presence and initial cell density of C. neogracile did not modify P. multiseries growth rate (p 
> 0.05, Fig. 1D); however, the presence of C. neogracile increased the maximal cell density 
of P. multiseries, regardless of the initial ratio (Fig. 1D).  
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Figure 1. (A) Specific growth rate (µ, d-1) and (B) decreasing rate (d-1) of C. neogracile in control culture 
(black) and in co-cultures with P. multiseries (grey) at an initial concentration of 2000 cells ml-1, 4000 cells 
ml-1 and 8000 cells ml-1. (C) Concentration of C. neogracile in control cultures (open dark symbols) or in 
co-cultures (filled grey symbols), with an initial concentration of C. neogracile of 2000 cells ml-1 (ratio of 
1:0.5, triangles), 4000 cells ml-1 (ratio of 1:1, squares) and 8000 cells ml-1 (ratio of 1:2, circles). (D) 
Concentration of P. multiseries in control cultures (full black line) or in co-culture with C. neogracile at an 
initial ratio of 1:0.5 (dotted black line), 1:1 (full grey line) or 1:2 (dotted grey line). In the inside box, 
specific growth rate (µ, d-1) of P. multiseries for each growth curve. Mean ± SE, n = 3. 
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Physiology of P. multiseries 
The percentage of dead P. multiseries decreased during exponential phase, as cells were 
growing and increased during stationary phase, regardless of the treatment (Fig. 2A). The 
percentage of dead algal cells increased faster and was significantly higher at day 17 for 
mono-algal cultures, which also reached stationary phase earlier. There were no significant 
differences in percentage of dead cells between P. multiseries cultures started at varied initial 
P. multiseries:C. neogracile ratios. 
From day 10 to the end of the experiment, FL3 of P. multiseries increased with increasing 
initial concentration of C. neogracile, with significant differences between each treatment, 
while the FL3 of mono-algal cultures decreased (Fig. 2B). 
Lipid content of cells, estimated with the BODIPY fluorescence, decreased for all cultures 
during exponential phase (until day 14) and increased during stationary phase (Fig. 2C). From 
day 14 to the end of the experiment, cultures exposed to the highest initial cell density of C. 
neogracile exhibited the highest increase in lipid content, while mono-algal cultures had the 
lowest lipid content (Fig. 2C). 
Increasing initial concentration of C. neogracile induced a significant increase of FDA 
uptake, thus of esterase activity (Fig. 2D). Esterase activity increased after mid-exponential 
phase for all the cultures, but to a different extent for different experimental treatments (Fig. 
2D). FDA uptake by P. multiseries co-cultured with C. neogracile at ratios of 1:1 and 1:2 
were significantly higher than mono-algal cultures after day 7, but P. multiseries inoculated at 
a ratio of 1:0.5 cells of C. neogracile exhibited significantly higher esterase activity only after 
day 15 (Fig. 2D).  
Chapitre 3 – Compétition 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 
- 83 - 
 
Figure 2. (A) Percentage of dead P. multiseries (cells permeable to SYTOX Green), (B) chlorophyll 
autofluorescence (FL3, in arbitrary units), (C) lipid content (BODIPY fluorescence, in arbitrary units) 
and (D) esterase activity (FDA uptake, FL1, in arbitrary units) of P. multiseries in control cultures (full 
black line) or in co-culture with C. neogracile at an initial ratio of 1:0.5 (dotted black line), 1:1 (full grey 
line) or 1:2 (dotted grey line). Mean ± SE, n = 3. 
 
Domoic acid production 
Total DA per cell did not vary regardless of the presence of C. neogracile (p > 0.05), and was 
not dependent upon C. neogracile initial cell density either (Fig. 3). The proportion of 
dissolved and cellular DA was the same for all P. multiseries populations and did not depend 
upon the presence of C. neogracile. 
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Figure 3. (A) Total domoic acid (DA) per ml of culture and (B) total DA per cell (both intra and extra 
cellular) of P. multiseries in control culture (full black line), with C. neogracile at an initial ratio of 1:0.5 
(dotted black line), of 1:1 (full grey line) and of 1:2 (dotted grey line). Mean ± SE, n = 3. 
 
Bacterial growth 
There was significantly more bacteria in the co-cultures than in P. multiseries mono-algal 
culture (p < 0.05) and significantly less bacteria than in C. neogracile mono-cultures (p < 
0.05), cultures with the highest initial inoculum of C. neogracile having the highest bacterial 
concentration (Fig. 4D). 
The morphology of bacteria allowed clear distinction between two populations of bacteria 
(Fig. 4A-C), one that was almost exclusively found in C. neogracile cultures (population 1, 
Fig. 4A). A very small percentage of the bacteria were not contained in either of these two 
defined populations (Fig. 4A-C) and were not accounted for, as we could not attribute them to 
an algal species. Bacteria in population 1 (population mainly from C. neogracile) were less 
numerous in co-cultures than in C. neogracile cultures (Fig. 4E), with a gradient effect. 
Indeed, there were more bacteria in cultures inoculated with the higher cell density. Thus, 
bacteria from P. multiseries seemed to dominate over bacteria initially associated to C. 
neogracile. 
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Figure 4. A-C. Cytograms of bacteria associated to (A) C. neogracile, (B) P. multiseries or (C) co-cultures 
depending on FSC and SSC at day 10 (initial concentration of 4000 cells ml-1 for C. neogracile). D-E. 
Concentration of total bacteria (D) and concentration of bacteria in population 1 (bacteria associated to C. 
neogracile, E) in control cultures (open symbols) with initial inoculation of 2000 cells ml-1 (open triangle), 
4000 cells ml-1 (open square) or 8000 cells ml-1 (open circle), of P. multiseries in control culture (dark 
diamond), of P. multiseries with C. neogracile at an initial ratio of 1:0.5 (grey triangle), of 1:1 (grey square) 
and of 1:2 (grey circle). Mean ± SE, n = 3. 
 
Discussion 
This study provided evidence that P. multiseries up-regulates photosynthetic and primary 
metabolism in response to competition with a sympatric diatom, C. neogracile. Indeed, from 
mid exponential phase to the end of the experiment, chlorophyll autofluorescence of P. 
multiseries, related to chlorophyll content of cells, increased with increasing cell density of C. 
neogracile. This increase in chlorophyll autofluorescence could be a compensatory 
mechanism developed by P. multiseries to counteract cell shading by C. neogracile. Indeed, 
on day 10, when chlorophyll autofluorescence started to increase, C. neogracile was still in 
exponential-phase growth, and cultures with the highest C. neogracile initial inoculum also 
had the highest C. neogracile cell density. Shading can allow a species to outcompete its 
competitors (Pouvreau et al., 2007). Litchman and Klausmeier (2001) already demonstrated 
that, with increasing cell density, shading also increased, and that cells increase chlorophyll 
content, or at least photosynthetic performance, to acquire as much light as possible. In our 
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experiment, we were unable to measure QY because the two species were diatoms and thus 
had the same pigments and were excited at the same wavelength. This compensatory 
mechanism seemed to work well, as cells of P. multiseries grew well under competition. Even 
though C. neogracile reached the same maximal cell density, chlorophyll content of P. 
multiseries remained higher in cultures with the higher initial ratio. At this time, all the P. 
multiseries cultures were in stationary phase. Increasing chlorophyll content may be one 
mechanism by which P. multiseries maintains growth rate when co-cultured with faster-
growing algae. The outcome of competition would probably change under different light 
conditions (Floder et al., 2002). Cells of P. multiseries not only enhanced photosynthetic 
performance, but also esterase activity from the beginning of the exponential phase until the 
end of the experiment. Esterase activity was enhanced to a higher extent in P. multiseries 
grown with higher numbers of competing C. neogracile. Cells of C. neogracile also exhibited 
increases in esterase activity when the competition was higher (i.e. the initial ratio was lower, 
data not shown). Nevertheless, Zhang et al. (2007) found the opposite result, with cells of 
Chlorella pyrenoidosa and Microcystis aeruginosa having decreased esterase activity when 
co-cultured. When responding to competitors, P. multiseries modified its metabolism, to a 
higher extent with higher number of competitors. These modifications include an increase in 
chlorophyll content and primary metabolism represented by esterases. Because of these 
modifications, growth rate was maintained. At the end of the exponential phase, P. multiseries 
stopped growing and started to store energy as lipid. The amount of stored lipids in P. 
multiseries was increased with increasing C. neogracile/P. multiseries ratio.  
 
The presence of P. multiseries retarded the growth rate of C. neogracile, with no effect of the 
initial ratio on growth rate, thus C. neogracile growth lasted longer in co-cultures. An 
increase in C. neogracile maximal cell density during competition also was observed 
compared to C. neogracile culture without competitors. But once again, initial concentration 
(and thus initial ratio) had no effect upon maximal cell density. Similar to our results, co-
cultures of Skeletonema costatum with Heterosigma akashiwo also resulted in increased 
maximal cell densities compared to mono-algal cultures (Xu et al., 2011). The presence of P. 
multiseries did not inhibit C. neogracile maximal population density, it just slowed it down 
(lower growth rate), suggesting that C. neogracile population potential was not negatively 
affected by P. multiseries, as maximal cell density was higher than in mono-culture. Co-
cultures also slowed down cell decline rate; thus, the stationary phase of C. neogracile lasted 
longer when grown with P. multiseries than when grown alone. An effect of the C. 
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neogracile:P. multiseries ratio could also be observed, with cultures with the higher initial 
number of P. multiseries cells for one C. neogracile cell (initial ratio of 1:0.5) leading to a 
longer stationary phase (and a lower decline rate). 
 
In co-cultures, bacteria of P. multiseries took advantage over bacteria of C. neogracile, 
leading to a much lower bacterial concentration in co-cultures than in C. neogracile cultures. 
One hypothesis is that P. multiseries cells could have negatively impacted bacteria of C. 
neogracile, favoring bacteria of P. multiseries, which therefore took advantage of this 
negative effect. Or bacteria from P. multiseries cultures could have had negative effects on 
bacteria associated to C. neogracile. Bacteria in co-cultures were thus closer to the P. 
multiseries community than the C. neogracile community. With lower initial ratio, there were 
lower amounts of bacteria. Moreover, with lower amount of bacteria, cells of C. neogracile 
survived longer (lower initial cell concentration had the lowest decline rate). These results 
suggest that bacteria from C. neogracile cultures may contribute to, or at least accelerate, C. 
neogracile death. Bacteria from the C. neogracile culture could also be responsible for the 
lowest maximal cell density found in C. neogracile mono-cultures compared to co-cultures. 
Competition for nutrients may, however, explain the differences, with bacteria associated with 
C. neogracile being better competitors than the algae. Indeed, bacteria have been proven to be 
better competitors compared to algae for acquisition of phosphorus (Currie and Kalff, 1984; 
Daufresne et al., 2008; Lovdal et al., 2007) and nitrogen (Daufresne et al., 2008). 
Nevertheless, interaction between algae and bacteria depends on nutrient availability and can 
be in the form of competition, commensalism, or mutualism (Danger et al., 2007). As bacteria 
seemed even more competitive at limiting nutrient concentrations (Danger et al., 2007), which 
is probably the case in stationary phase, the decreased concentration of bacteria can explain 
the longer survival of microalgal cells. Bacteria from the C. neogracile culture were probably 
outcompeted by P. multiseries, rather than by bacteria associated to P. multiseries. 
Measurements of nitrates and silicates are planned in the following weeks to better understand 
competition between both algae and bacteria. 
 
If C. neogracile was able to grow, but slower, P. multiseries growth rate was not affected by 
the presence of C. neogracile. Similarly, growth of the green algae C. pyrenoidosa was not 
modified when co-cultured with the cyanobacteria M. aeruginosa (Zhang et al., 2007). 
Cultures of P. multiseries also reached a higher maximal cell density than in mono-algal 
cultures, regardless of the initial ratio, which had no influence on the results. In co-cultures, 
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there were more bacteria than in P. multiseries control cultures, but growth was not modified 
and maximal cell density was enhanced. The amount of bacteria did not seem to affect P. 
multiseries to the same extent as C. neogracile; thus, C. neogracile may be more sensitive to 
bacteria than P. multiseries.  
 
Considering only growth curves, competition did not appear to negatively impact either of the 
two species, but on the contrary, seemed even favorable to the growth of both species. 
Bacteria may partially explain these differences, as competition within the bacterial 
community in these experiments clearly favored one community, which might be not if less 
algicidal. Results could have been different with other tested ratios, as initial ratios can 
modify the outcome of co-cultures (Xu et al., 2011). Culture conditions (here not limiting, at 
least at the beginning of the experiment) can also modify the response of an alga in 
competition with other species (Rodrigo et al., 2009). We can assume that these algae are 
used to grow among other algal species, suggesting that if there is no real effect of 
competition, it may be attributable to older adaptations, acquired in natural environments 
from years of co-habitation with many different species. Favored growth can also be 
attributable to the alien bacterial community, with bacteria producing siderophores, which are 
then used by algae to acquire iron (Soria-Dengg et al., 2001). Synergism or commensalism 
can also explain the better growth in co-culture compared to mono-cultures (Hutchinson, 
1961). Indeed, species of Pseudo-nitzschia and Chaetoceros often reach their maximal 
abundance the same months in France. For example, in August 2008, Pseudo-nitzschia sp. 
and Chaetoceros sp. were found at 104-105 and 105-106 cells l-1 respectively in the Morlaix 
Bay (Brittany), thus both grow sympatrically, at least in France (REPHY).  
 
DA production by cells was not different among the treatments. DA per cell decreased all 
along the experiment, but DA per ml of cultures increased until day 13 (end of the 
exponential phase), showing that cells produced DA during exponential phase, and this 
production ended at the beginning of stationary phase. Production of DA during exponential 
phase has already been shown for some species of Pseudo-nitzschia (Adams et al., 2000; 
Garrison et al., 1992) but only once for P. multiseries (Lelong et al., 2011), and the majority 
of the studies found DA production during stationary phase as well (Bates, 1998; Fehling et 
al., 2004; Thessen et al., 2009). Bacterial community is known to modify DA production 
(Bates et al., 1995; Kaczmarska et al., 2005). As the bacterial community associated to P. 
multiseries was dominant, neither the bacterial community nor competition between the two 
Chapitre 3 – Compétition 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 
- 89 - 
algae for nutrient acquisition may actually explain why DA production in presence of C. 
neogracile was not modified. The maintenance of the growth rate of P. multiseries was not 
attributable to DA production, as each cell produced exactly the same amount of DA 
regardless of the presence and cell density of C. neogracile. Thus, if DA is produced to 
acquire Cu (Wells et al., 2005), competition with C. neogracile may not be strong enough to 
reduce P. multiseries access to Cu and thus enhanced DA production. It can be assumed that 
there was probably no competition for trace metals acquisition (between P. multiseries and 
bacteria or P. multiseries and C. neogracile).  
 
To answer the question posed in the title, “How does Pseudo-nitzschia multiseries, a toxic 
diatom, compete with diatoms of the Chaetoceros genus?,” cells of P. multiseries modified 
metabolism to sustain growth and were able to maintain growth rate and even reach higher 
cell density when co-cultured with C. neogracile. Modifications of metabolism included 
increased cellular chlorophyll content, presumably conferring higher photosynthetic 
efficiency, and maintenance of catabolic processes, represented by esterase activity. The 
response of an alga to a competitor depends upon the competitor species and the external 
conditions (e.g. nutrients and light, grazers) and the outcome of the competition will depend 
upon all these variables (Rodrigo et al., 2009). It is difficult to generalize these results to other 
conditions, but if P. multiseries was able to grow when competing with a fast-growing diatom 
that can reach very high population densities, we can assume that cells of Pseudo-nitzschia 
would be able to grow in a mixed phytoplankton community. In France, Pseudo-nitzschia spp. 
bloom often, and these blooms are rarely monospecific (REPHY). Even when found at lower 
concentrations, Pseudo-nitzschia co-occurs with many different species (e.g. Chaetoceros 
spp., Guinardia delicatula, Skeletonema costatum, REPHY). To bloom, algae have to 
compete successfully with the surrounding species, and modifying metabolism may be one 
way to do so. Thus, to understand how cells of Pseudo-nitzschia can bloom, it is important to 
measure their metabolism, and not only production of DA. Indeed, DA did not seem 
implicated in the competition outcome, which explains why non-toxic Pseudo-nitzschia 
species can also bloom (Kaczmarska et al., 2007). 
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3.3. Conclusion 
 
La compétition entre P. multiseries et C. neogracile n'affecte pas les deux espèces 
phytoplanctoniques de la même façon. Ainsi, quand la croissance de P. multiseries n'est pas 
modifiée par la présence de C. neogracile, la croissance de cette dernière est plus lente en co-
culture. Elles atteignent néanmoins toutes deux une concentration maximale plus élevée en 
co-cultures, ce qui peut laisser penser que la co-culture est un avantage, ou alors que les 
cellules sont adaptées à la présence d'au moins une autre espèce. Pour soutenir ce taux de 
croissance, P. multiseries modifie son métabolisme, en augmentant l'activité de ses estérases 
et sa capacité photosynthétique en phase exponentielle, de façon proportionnelle au nombre 
de cellules de C. neogracile. La conséquence est un stockage de lipides de réserve plus 
important en phase stationnaire, également proportionnel au nombre de C. neogracile en co-
cultures. La production d'acide domoïque par P. multiseries n'est par contre pas affectée par la 
présence de compétiteurs. Les bactéries présentes dans les co-cultures sont majoritairement 
des bactéries associées à P. multiseries, qui semblent prendre le dessus sur les bactéries 
associées à C. neogracile. Ces modifications de populations bactériennes peuvent expliquer la 
plus forte concentration atteinte par C. neogracile ainsi que le déclin plus lent en co-cultures, 
les bactéries associées à C. neogracile ayant a priori un effet négatif sur les cellules de C. 
neogracile. Ce n'est donc pas simplement la compétition pour les nutriments (macro ou 
micronutriments) qui induit la production d'acide domoïque, en tout cas en conditions non-
limitantes au départ. 
 
La compétition avec une diatomée n'induit pas la production d'acide domoïque. 
Pourtant les cellules modifient leur physiologie et s'adaptent à cette nouvelle contrainte. Si la 
compétition avec une diatomée n'induit pas la production d'acide domoïque, pourquoi est-ce 
que la présence de bactéries est indispensable à cette production (Bates et al., 1995) ? Est-ce 
un mécanisme de défense spécifique contre les procaryotes ? 
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4.1. Préambule 
 
 Microalgues et bactéries marines interagissent de manière complexe. Certaines 
bactéries inhibent la croissance microalgale (Wang et al., 2010, Su et al., 2011), tandis que 
d'autres bactéries sont indispensables à cette croissance (Shen et al., 2011), d'autres enfin 
n'ont aucun impact notable. Certaines bactéries vont de plus être capables d'inhiber une espèce 
de microalgue, ne rien faire à une deuxième et être nécessaires à la troisième (Brussaard and 
Riegman, 1998). Par ailleurs, certaines bactéries ne peuvent croître sans microalgues et 
l'apport de carbone qu'elles représentent (Fouilland and Mostajir, 2010). Il est donc 
impossible de dresser un simple schéma d'interaction microalgues-bactéries et les études 
doivent encore être menées au cas par cas. En ce qui concerne Pseudo-nitzschia, une partie 
des bactéries environnantes est indispensable, non seulement à la croissance, mais surtout à la 
production d'acide domoïque (Bates et al., 1995). Il a en effet été mis en évidence que des 
cultures rendues axéniques ne produisent plus, ou presque plus, d'acide domoïque et que cette 
production est restaurée dès que les bactéries sont rajoutées à la culture phytoplanctonique 
(Bates et al., 1995). L'ajout de différentes communautés bactériennes peut également faire 
varier la production d'acide domoïque (Kaczmarska et al., 2005). Si les bactéries seules ne 
sont pas capables de produire de l'acide domoïque (Bates et al., 2004), certaines espèces 
peuvent en revanche le dégrader (Stewart et al., 1998). 
 
Pour essayer de mieux comprendre ces interactions, les deux espèces de Pseudo-
nitzschia, une toxique et une non-toxique, ont été dans un premier temps rendues axéniques 
par l'utilisation d'antibiotiques. A ces cultures axéniques ont ensuite été rajoutées soit leurs 
propres bactéries, soit la communauté bactérienne de l'autre espèce de Pseudo-nitzschia. Leur 
croissance a ainsi pu être comparée sans bactérie, avec leurs bactéries, ou avec les bactéries 
associées à l'autre espèce. Le suivi de la physiologie et la production d'acide domoïque de 
Pseudo-nitzschia a ensuite été réalisé, en parallèle du suivi des communautés bactériennes, 
afin de caractériser les effets des bactéries sur les deux espèces de Pseudo-nitzschia et 
d'essayer d'établir un lien potentiel entre la production d'acide domoïque et l'état 
physiologique des cellules. 
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4.2. Article 4 - Modification of domoic acid production and cell 
physiology after exchange of bacterial community between toxic 
Pseudo-nitzschia multiseries and non toxic Pseudo-nitzschia 
delicatissima 
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Abstract 
Bacteria are known to influence domoic acid production by Pseudo-nitzschia spp. but non 
toxic species have never been studied so far. In this study we aimed to compare a toxic P. 
multiseries to a non-toxic P. delicatissima, both in terms of DA production and physiological 
parameters. Bacterial communities from both species were eliminated before algae could be 
grown with the bacterial community of the other species. Growth of P. delicatissima was not 
affected by bacteria while P. multiseries grew faster without bacteria and did not grow with 
alien bacteria. The exchange of bacterial community resulted in an increase of the DA 
production by P. multiseries with alien species while axenic cultures did not produce any DA. 
Physiology of P. multiseries was also affected, mainly when algal were grown with alien 
bacteria, as a decrease of chlorophyll content and photosynthetic efficiency together with an 
increase of the esterase activity could be observed. On the opposite, physiology of P. 
delicatissima was barely modified by alien bacteria. The main difference was the absence of 
stationary phase and death of P. delicatissima right after the end of exponential phase. 
 
Key words: bacteria, domoic acid, physiology, Pseudo-nitzschia
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Introduction 
In the oceans, phytoplankton is not the main living organism. Indeed, there is between 104 and 
106 bacteria per ml of sea water (He et al., 2009; Seuront et al., 2010), which is much more 
than phytoplankton (except during blooms). Species of phytoplankton and bacteria live 
together and interfere in many ways. First of all they can compete each other for the 
acquisition of inorganic nutrients (Hitchcock et al., 2010; Maranon et al., 2010) and 
phytoplankton can be one source of carbon for bacteria (Fouilland and Mostajir, 2010), 
conversely bacteria can also be a source of carbon for mixotrophic phytoplankton (Legrand et 
al., 2001; Schmidtke et al., 2006). Nevertheless, interactions between phytoplankton and 
heterotrophic bacteria are not that simple. Indeed, some bacteria exhibit algicidal properties 
(Su et al., 2011; Wang et al., 2010) or induce the formation of cyst of Lingulodinium 
polyedrum for example (Mayali et al., 2007). On the other hand, some microalgae can 
decrease bacterial abundance or even exhibit bactericidal activities (Sanchez-Saavedra et al., 
2010). Sometimes, bacteria are also necessary to microalgae (Shen et al., 2011) and can 
enhance their growth (Ferrier et al., 2002). Bacteria can even protect microalgal cells from 
allelopathic compounds (Bauer et al., 2010).In most of the cases, the interaction between 
microalgae and phytoplankton depends on the environmental conditions (Brussaard and 
Riegman, 1998).  
 
Bacteria can also play a role in toxin production. It has thus been shown that axenic cultures 
of Pseudo-nitzschia multiseries produced no or really low levels of domoic acid (DA) and that 
the reintroduction of bacteria enhanced this production by 2 to 95-fold (Bates et al., 1995; 
Kobayashi et al., 2009; Stewart, 2008; Stewart et al., 1997). All the bacterial communities, 
even from Chaetoceros sp. cultures, enhanced production of DA when cultured with toxic 
Pseudo-nitzschia species (Bates et al., 1995). It was thus hypothesized that DA production 
was induced by bacteria in a non-specific way. Some bacteria seemed to be able to produce 
gluconolactone/gluconic acid, a sequestering agent. One hypothesis is that DA would be 
produce by Pseudo-nitzschia to compete bacteria as a "chemical scavenger" to counteract 
nutrient stress (Osada and Stewart, 1997; Stewart, 2008). Some species of Pseudo-nitzschia 
do not seem able to produce DA, thus how can these species outcompete bacteria? We tried to 
exchange the free-living bacterial community of a toxic strain of P. multiseries with a non-
toxic strain of Pseudo-nitzschia delicatissima. Axenic and xenic cultures were then compared, 
not only in term of DA production but also in term of physiological state. The physiology and 
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DA production were followed along the growth, with measurement of esterase activity, lipid 
content, chlorophyll autofluorescence, photosynthetic efficiency and cell morphological 
parameters on living cells. Bacteria were counted and their survival was also followed. All 
these measurements allowed us to find out how cells react to different bacterial community 
and how DA production and physiology were modified depending on added bacterial 
community. 
 
Material and methods 
2.1. Culture conditions 
Two species of Pseudo-nitzschia were used: P. multiseries (Hasle) Hasle (strain CLNN16, 
isolated from the Bay of Fundy, Canada) and P. delicatissima (Cleve) Heiden (strain Pd08RB, 
isolated from Brittany, France). They were cultured in sterilized f/2 media (Guillard and 
Hargraves, 1993), at 15.6°C, with an irradiance of 131 µmol photons m-2 s-1 and a dark:light 
period of 12:12 h. Cultures were initially xenic and grown without antibiotics. Before each 
sampling, cultures were gently homogenized. 
 
2.2. Removal of bacteria 
Before experiment, each culture of P. multiseries and P. delicatissima was divided into two 
different cultures, one treated with antibiotics (AB) and one untreated. The culture of P. 
delicatissima was much more resistant to AB than P. multiseries, it was thus exposed to 2:1 
mg ml-1 of penicillin: streptomycin (P:S) during 2 d, whereas P. multiseries was exposed to 
0.2:0.1 mg ml-1 of P:S and 0.02 mg ml-1 of ampicillin during 4 d (higher concentrations of AB 
killed both cells and bacteria). At the end of the treatment with AB, cultures were washed by 
centrifugation (10 min, 16°C, 800 g), the pellet was resuspended into new f/2 media to 
remove all AB. Cultures exposed to AB were not fully axenic and a few bacteria remained 
within the culture, but at a 10-fold lower concentration than untreated cultures. 
 
2.3. Experiment 
Experiment started two days after the end of the AB treatment, when cells were in exponential 
growth phase. For each species, cells were cultured in triplicates under three conditions: (i) 
the AB treated culture (almost axenic), (ii) the AB treated culture + bacteria of P. multiseries 
and (iii) the AB treated culture + bacteria of P. delicatissima, each in triplicate (Table 1). 
Free-living bacteria were obtained after centrifugation (10 min, 16°C, 800 g) of the untreated 
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cultures in the supernatant. Bacteria in these supernatants were counted using a flow 
cytometer and it was made sure that there were no remaining microalgal cells. Cultures of P. 
multiseries were inoculated with 4000 cells ml-1 of treated P. multiseries (i) alone (almost 
axenic, M0), (ii) with ~200 000 bacteria ml-1 of untreated P. multiseries (MM) or (iii) with 
~200 000 bacteria ml-1 of untreated P. delicatissima (MD). Cultures of P. delicatissima were 
inoculated with 2500 cells ml-1 of treated P. delicatissima (i) alone (D0), (ii) with ~100 000 
bacteria ml-1 of untreated P. delicatissima (DD) or (iii) with ~100 000 bacteria ml-1 of 
untreated P. multiseries (DM). Bacterial concentration was chosen to remain consistent with 
the bacteria/Pseudo-nitzschia ratio of the untreated cultures of each species. Samples were 
taken almost every day to count cells and performed physiological measurements. 
 
2.4. Morphological and physiological measurements 
Cell concentrations, morphological and physiological measurements, quantification of 
bacteria associated to Pseudo-nitzschia species and percentage of dead bacteria in the culture 
were assessed using flow cytometry according to Lelong et al. (2011). The physiological 
measurements were realized with a flow cytometer FACScalibur (BD Biosciences, San Jose, 
CA USA) with an argon blue laser (488 nm). To allow comparison between days, the same 
settings of the instruments were used for all the duration of the experiment. Cells of Pseudo-
nitzschia were detected by their FL3 fluorescence. As all samples were run for 45 seconds, 
their concentrations were calculated from a flow-rate measurement of the flow cytometer 
performed each day of experiment (Marie et al., 1999). Specific growth rate (µ, d-1) was 
determined by linear regression of the natural log(cell concentration) versus time. 
 
Algal concentration was measured without any staining, whereas free-living bacterial 
concentration and percentage of dead bacteria were obtained after a staining of cultures with a 
final concentration of 1/10000 of the commercial solution of SYBR Green I (Molecular 
probes, Invitrogen, Eugene, Oregon, USA) and 10 µg ml-1 of propidium iodide (PI, Sigma, St. 
Louis, MO, USA) for 15 minutes. The dead bacteria were not considered in the measurement 
of the growth rate of bacteria. The percentage of dead algal cells was assessed after a staining 
of 30 minutes of cultures with 0.1 µM of SYTOX Green (Molecular probes, Invitrogen, 
Eugene, Oregon, USA). Intracellular lipid content of algal cells was assessed by staining 
lipids with 10 µM of BODIPY 493/503 (Molecular probes, Invitrogen, Eugene, Oregon, 
USA) for 30 minutes and activity of primary metabolism of algal cells was assessed after 
staining with 3 µM of fluorescein di-acetate (FDA, Molecular probes, Invitrogen, Eugene, 
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Oregon, USA) for 6 minutes. A work solution of FDA at 300 µM was freshly prepared before 
each experiment. 
 
Quantum yield (QY=(Fm-F0)/Fm) of P. multiseries and P. delicatissima were measured using 
the AquaPen-C AP-C 100 fluorometer (Photo Systems Instruments, Czech Republic). QY is a 
measurement of the efficiency of the photosynthesis, where F0 and Fm are respectively the 
minimum and maximum fluorescence of cells at 455 nm. The measurement of QY was 
performed after 20 min of dark adaptation of the cells at 16°C. 
 
Domoic acid (DA) content was quantified using ASP ELISA kit (Biosense Laboratories, 
Bergen, Norway), following the constructor protocol. Each triplicate of culture was analyzed 
with technical duplicates. Cultures (cells+supernatant) were sonicated for 2 minutes to 
quantify total DA. Cultures were also filtered at 0.22 µm (acetate cellulose filters, Minisart, 
Sartorius, Göttingen, Germany) during the experiments to measure dissolved DA. 
Intracellular DA was obtained by the following calculation: DAi = DAt-DAd, where 
DAi=intracellular DA, DAt= total DA and DAd=dissolved DA. 
 
2.5. Statistics 
Results were analyzed statistically with multifactor ANOVA, to test the effect of the 
treatment (bacteria or not). One-way ANOVA were used to find out after which day, 
treatments started to have a significant effect on the parameter. The test of rank used was the 
LSD test. For all statistical results, a probability of p < 0.05 was considered significant. 
Statistical analyses were performed using StatGraphics Plus (Manugistics, Inc, Rockville, 
MD, USA). 
 
Results 
3.1. Algae growth and death 
Cells of P. multiseries exhibited a different growth rate depending on the treatment (Fig. 1A). 
Cultures with no added bacteria (M0) grew faster than cultures with P. multiseries bacteria 
(MM, p < 0.05), while cultures with P. delicatissima bacteria (MD) did not grow (Fig. 1A). 
Cultures also reached significantly different cell density, with the fastest culture (M0) 
reaching the highest concentration (Fig. 1A). On the opposite, cultures of P. delicatissima 
exhibited non significant growth rate difference (p > 0.05), regardless of the treatment (Fig. 
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1B). However, cultures D0 reached a higher cell concentration and maintained it for a longer 
time than cultures DD (p < 0.05, Fig. 1B). Cultures DM, reached the lowest maximum cell 
concentration, did not exhibit any stationary phase and concentration decreased right after 
exponential phase. 
 
Figure 1: Concentration (cell ml-1) of P. multiseries (A) and P. delicatissima (B) without bacteria (M0 and 
D0, open diamonds), with bacterial community of P. multiseries (MM and DM, filled squares) or with 
bacterial community of P. delicatissima (MD and DD, grey triangles). In each insert are found the specific 
growth rate (µ, d-1) of both species. Letters indicate significantly different values (p < 0.05). Mean ± SE, n 
= 3. 
 
The percentage of P. multiseries cells stained by SYTOX green (permeable cells, considered 
as dead cells) was high and almost the same for the three treatments until day 7 (p > 0.05, Fig. 
2A). After day 7, cultures MM and M0 recovered, thus having a low percentage of dead cells, 
whereas almost 50% of the cells in the MD cultures were dead (Fig. 2A). All the P. 
delicatissima cultures had a percentage of dead cells decreasing between day 1 and day 6 
(Fig. 2B). After day 7, DM cultures started to die faster than DD, while D0 exhibited the 
lowest percentage of dead cells (Fig. 2B). 
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Figure 2: Percentage of dead P. multiseries (A) and P. delicatissima (B) after SYTOX green staining, 
without bacteria (open diamonds), with bacterial community of P. multiseries (filled squares) or with 
bacterial community of P. delicatissima (grey triangles). Mean ± SE, n = 3. 
 
While SYTOX Green stains permeable cells (considered as dead), FDA stains only cells with 
active esterase (considered as living). As AB can compromise cell membranes, without killing 
them, the percentage of active cells was also measured. The percentage of active P. 
multiseries cells increased between day 3 and 4 for all cultures and remained identical until 
day 7 (Table 1). From day 7, the percentage of active MD cells decreased and was lower than 
M0 and MM cells (Table 1). The percentage of active P. delicatissima cells was the same 
regardless of the treatment until the last day, where DM had less active cells than DD, while 
D0 had the highest percentage of active cells (Table 2). 
 
3.2. Algae morphology 
FSC and SSC values of P. multiseries were different according to the treatment. Indeed, MD 
cultures had lower FSC and SSC than M0, and M0 had lower FSC and SSC values than MM 
(Table 1). FSC and SSC of P. delicatissima D0 were significantly lower than DD and DM 
cultures whereas DM and DD had significantly the same morphological parameters (Table 2). 
 
Chapitre 4 – Bactéries 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 106 - 
3.3. Bacterial growth and morphology 
Only free-living bacteria were counted, with all the bacteria exhibiting two growth phase. 
Bacteria grew slower during the first growth phase, which lasted until day 8 for P. multiseries 
and day 4 for P. delicatissima. M0 cultures had 4-fold less bacteria than MM and MD had the 
same bacterial concentration than MM. Bacteria of M0 cultures grew faster (µ = 0.16 ± 0.02 
d-1 and 0.39 ± 0.02 d-1) and reached MD and MM bacterial concentrations at day 12 (Fig. 3A). 
Bacteria of MM grew at 0.15 ± 0.01 d-1 and 0.20 ± 0.01 d-1 while bacteria of MD grew at 0.14 
± 0.01 d-1 and 0.23 ± 0.00 d-1. D0 culture of P. delicatissima had almost no bacteria until day 
6 and bacteria started to grow between day 6 and 9 with a growth rate of 1.83 ± 0.52 d-1 (Fig. 
3B). On the opposite, DD bacteria grew at 0.40 ± 0.04 d-1 and 0.57 ± 0.02 d-1 and DM bacteria 
grew at 0.30 ± 0.00 d-1 and 0.67 ± 0.00 d-1 during the two growth phases respectively, with 
significantly more bacteria in the DM culture (Fig. 3B).  
 
Figure 3: Concentration of free-living bacteria (bact ml-1) associated to P. multiseries (A) and P. 
delicatissima (B) after Propidium Iodide and SYBR Green staining. Cultures were grown without bacteria 
(open diamonds), with bacterial community of P. multiseries (filled squares) or with bacterial community 
of P. delicatissima (grey triangles). Mean ± SE, n = 3. 
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The morphology (FSC and SSC) of each bacterial community was different (Table 3). In the 
cultures of P. multiseries, FSC and SSC parameters were similar between M0 and MM 
cultures and increased along the experiment. FSC of bacteria associated to P. multiseries in 
MD cultures was lower than in MM and M0 and distinguishable from bacteria associated to 
P. delicatissima which exhibited a significantly higher SSC. On the opposite, FSC and SSC of 
bacteria growing in P. delicatissima decreased in the three treatments. Morphology of bacteria 
associated to P. delicatissima in D0 and DD cultures was the same at the end of the 
experiment (when bacteria were detectable), while bacteria initially associated to P. 
multiseries in DM cultures were different from P. delicatissima original bacterial community. 
There were no bacteria from the original bacterial community associated to P. delicatissima in 
DM cultures, only the bacteria associated to P. multiseries that we added. Morphology related 
parameters of bacterial community associated to P. multiseries or P. delicatissima was 
modified when they were grown with P. multiseries or P. delicatissima (Table 3).  
 
3.4. Domoic acid 
M0 cultures exhibited almost no DA per ml of cultures, indicating no production of DA (Fig. 
4A). On the opposite, M0 and MM cultures produced DA. Indeed concentration of total DA 
per ml culture increased until day 15 to 3444 ± 297 pg ml-1 for MD cultures and until the end 
to 1102 ± 212 pg ml-1 for MM cultures (Fig 4A). M0 cultures exhibited less than 0.01 pg cell-1 
of total DA, regardless of the growth phase, thus dissolved and intracellular amount of DA 
were not measured (Fig. 4B). MD cultures had significantly more DA than M0 and MM 
cultures and exhibited a different pattern of excretion (Fig. 4B). MM cultures had 0.10 pg cell-
1
 of total of DA on day 3 and this concentration decreased all along the growth curve to 3-fold 
less DA (Fig. 4B).  
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Figure 4: A-B. Total domoic acid (DA) in pg ml-1 (A) or pg cell-1 (B) in P. multiseries cultures grown 
without bacteria (open diamonds), with bacterial community of P. multiseries (filled squares) or with 
bacterial community of P. delicatissima (grey triangles). 
 
Almost all the DA contained in the MM cultures was found dissolved (Fig. 5A). Cells were 
not growing but started to produce DA. DA production per cell increased to ~6-fold more 
than the concentration found in MM cultures. Until day 11, almost all the DA was stored 
inside the cells (> 80 %) and after day 11, cells started to release DA in the medium to reach 
around 50 % of the total DA (Fig. 5B). Cultures of P. delicatissima did not exhibit any 
dissolved or intracellular DA, regardless of the treatment and growth phase. 
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Figure 5: Total DA (filled squares), cellular DA (open diamonds) and dissolved DA (grey squares) of P. 
multiseries grown with their bacteria (A) or with P. delicatissima bacteria (B). Mean ± SE, n = 3. 
 
3.5. Photosynthetic parameters 
Cell autofluorescence decreased for MD cultures as cultures were not growing (Table 1). FL3 
values of M0 and MM cultures were similar and increased during exponential phase, to reach 
significantly higher values than MD cultures after day 8 (Table 1). Cultures M0 and MM had 
the same values of QY along the experiment (p > 0.05), with a decrease after day 10 and till 
the end of the experiment, linked with the second part of the exponential growth phase. 
Cultures of MD had a lower QY than M0 and MM until day 12 and they exhibited an increase 
of their QY value from day 12 to day 15, with higher values than MM and M0 cultures (Table 
1). All the cultures of P. delicatissima exhibited an increase of cell autofluorescence together 
with exponential growth phase, except for days 2 to 4, where D0 had a lower 
autofluorescence than DD and DM (Table 2). QY of P. delicatissima (D0, DD and DM) 
increased during the early exponential phase, and was similar regardless of the treatments. 
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During the decrease of the QY, D0 cultures had a slightly but significantly lower QY than DD 
and DM, all following the same pattern (Table 2). 
 
3.6. Esterase activity and lipid content 
The uptake of FDA was significantly lower for M0 cultures than MM cultures but they 
exhibited the same pattern of activity. On the opposite, MD cultures had different pattern of 
activity, with an increased activity during the first days of growth (Table 1). The three 
cultures D0, DD and DM had the same peak of uptake at day 2. During stationary phase, 
when D0 cultures were dying, they had a significantly higher uptake of FDA than DD and 
DM cultures, thus a higher esterase activity (Table 2). 
 
The BODIPY fluorescence of P. multiseries cells (i.e. their lipid content) followed the same 
pattern regardless of the treatment, with a decrease of lipid content during growth (even for 
M0 that did not grow). Lipid content of MM cultures was higher than M0 and MD cultures; 
while M0 and MD cultures were not significantly different (Table 1). The lipid content of P. 
delicatissima exhibited a totally different pattern, as lipid content increased in cells during 
exponential phase and decreased at the beginning of stationary phase, to finally increase 
during stationary phase, regardless of the treatment (Table 1). D0 cultures had significantly 
less lipids than DM and DD cultures (Table 2). 
 
3.7. Principal component analysis  
MM and M0 cultures are quite close, regardless of the day and their physiological parameters 
varied with the same pattern (Fig. 6A). On the opposite, MD cultures did not evolve like other 
P. multiseries cultures and were mainly characterized by high DA content and high ratio 
bacteria per Pseudo-nitzschia cells and lower morphological (FSC and SSC) and 
physiological FL3 and BODIPY parameters compared to MM and M0. DD and DM cultures 
were identical between day 1 and day 4 and then evolved with the same pattern but with a 
delay of one day (Fig. 6B). D0 cultures were different from the other cultures and were 
mainly characterized by a high percentage of dead bacteria, a higher concentration of P. 
delicatissima and lower values of morphological (FSC) and physiological parameters 
(BODIPY, FDA, FL3). 
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Figure 6: Principal component analysis on P. multiseries (A) and P. delicatissima (B) grown without 
bacteria (open diamonds), with bacterial community of P. multiseries (filled squares) or with bacterial 
community of P. delicatissima (grey squares). 
 
Discussion 
4.1. Effect of algae on bacteria 
Antibiotic treatment killed almost all bacteria of P. delicatissima and even if the treated 
culture was not fully axenic, the bacterial community was reduced enough to consider the 
culture as "axenic" for the time of the experiment, compared to the non treated-culture 
(bacteria could not be counted until day 7). Unfortunately, cells of P. multiseries were much 
more sensitive to AB; AB concentration had thus to be reduced and more bacteria survived to 
the treatment. Even though, bacterial concentration was reduced by 10-fold on day 0, the 
effect of bacteria has to be considered. As M0 cultures were not axenic at the beginning, 
bacteria remained all along the experiment. 
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The absence of growth of P. delicatissima associated bacteria with P. multiseries cells may be 
due to the algae themselves, or to the remaining P. multiseries bacteria. When grown with P. 
delicatissima, bacteria of P. delicatissima grew faster than bacteria of P. multiseries. Bacteria 
of P. multiseries grew however faster when associated to P. delicatissima cells than P. 
multiseries cells. The culture media was exactly the same for each condition, and P. 
delicatissima was also the algae that grew the fastest, probably acquiring nutrients from the 
water faster. Competition can therefore not explain the differences between the two Pseudo-
nitzschia species. Bacteria had two distinct growth phases, with a faster growth during the 
second phase. The second phase of growth started during the mid-exponential phase of the 
algae, regardless of the algae and the bacteria, which can be related to a higher release of 
exudates in the media as algal cells were more numerous. Indeed, the excretion of organic 
carbon by natural algal community accounted on average for 22 % of the bacterial carbon 
demand on a river system (Descy et al., 2002) and up to 79 % of the algal exudates can be 
incorporated by bacteria (Petit et al., 1999). Kirkwood et al. (2006) found that exudates of 
different cyanobacteria enhanced growth of bacteria with a wide range of response, even 
between species of the same genus. Exudates of algae could actually explain the differences 
of growth rate of bacteria between the two cultures; P. delicatissima probably released more 
exudates than P. multiseries. None of our algal species seemed to have bactericidal effects, as 
percentage of dead bacteria was the same for each Pseudo-nitzschia species and bacterial 
community. Nevertheless, algae had effects on bacteria, as bacterial communities exhibited 
different morphological parameters depending on the algae they were grown with. Indeed, 
FSC and SSC of bacteria decreased when grown with P. delicatissima while FSC and SSC of 
bacteria increased when grown with P. multiseries. These modifications can be explained by 
aggregation or disaggregation of bacteria, morphological modifications (e.g. lengthening of 
bacteria) or selection of different species.  
 
4.2. Effect of a reduced bacterial concentration 
Both Pseudo-nitzschia species grew for at least 2 years in culture before these experiments 
and were thus adapted to "their" bacterial community. The AB treatment had effects on the 
algal cells, as observed by the higher sensitivity of P. multiseries to AB (data not shown). 
Cultures were inoculated with bacteria two days after the end of the AB treatment. As P. 
delicatissima grew with a growth rate of µ= 1.0 d-1, which represents ~3 generations a day, 
effect of AB on algal physiology was highly reduced before the beginning of the experiment, 
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except on day 1, where the high percentage of dead cells probably represented cells 
permeabilized by AB and not dead cells. Cultures of P. multiseries grew slower but were 
exposed to lower doses of AB. Due to the age of the isolate, around 20 % of cells were dead 
in untreated cultures of P. multiseries (data not shown). The high percentage of cells stained 
at the beginning of the experiment was also due to AB permeabilisation of cell membranes. 
Nevertheless, for each species, all the cultures experienced the same AB treatment, thus 
comparison can be performed between cultures with or without bacteria. 
 
When bacteria were removed from the cultures (almost fully or only partially for P. 
delicatissima and P. multiseries respectively), growth rate of Pseudo-nitzschia was enhanced 
and cultures reached a higher maximum cell concentration. Bates et al. (1995) found that 
xenic cultures reached a higher cell concentration than axenic cultures, whereas Osada and 
Stewart (1997) axenic cultures reached a higher cell concentration than xenic culture. But, 
they both found that xenic and axenic cultures grew with a similar growth rate. On the 
opposite, Douglas et al. (1993) found that an axenic culture had a higher growth rate than 
control cultures. In this study, the percentage of dead cells was slightly lower in axenic 
cultures, but the difference was not significant, suggesting that bacteria do not have any 
algicidal effect. The increase of maximum cell concentration could be due to the absence of 
competition (both for nutrients and space) or to the fact that bacteria, if not algicidal, were at 
least able to limit algal growth.  
 
If cell growth was enhanced, DA production of "axenic" P. multiseries was decreased to 
almost no production (< 0.02 pg cell-1, 10-fold less than control cultures). Cultures of P. 
delicatissima did not produce DA, with or without bacteria. This decrease of DA production 
in axenic cultures has already been shown in previous studies (Bates et al., 1995; Douglas et 
al., 1993; Osada and Stewart, 1997). As previously demonstrated by Bates et al. (2004), DA is 
not produced by bacteria but by P. multiseries cells themselves. Bacteria removal reduced DA 
production by P. multiseries and increased its growth rate and cell concentration while P. 
delicatissima only reached a higher maximum concentration. The increase of P. multiseries 
growth rate without bacteria could also be explained by the fact that cells that did not use their 
energy for DA production and thus re-allocated it to growth processes. Nevertheless, the 
removal of all the bacteria was not necessary to limit DA production, as "axenic" cultures of 
P. multiseries had bacteria (10 % of xenic cultures on day 0 and 100 % on day 13). This could 
be explained by the fact that only some bacteria can induce DA production and that these 
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bacteria have been killed by AB. Indeed, Osada and Stewart (1997) showed that only bacteria 
producing gluconolactone/gluconic acid, a chelatant of metals, were able to induce DA 
production. AB treatment may indeed have killed all the bacteria producing 
gluconolactone/gluconic acid and associated to P. multiseries.  
 
Both FSC and SSC of algal cells were reduced in "axenic" cultures, regardless of the species. 
This decrease of morphological parameters may be linked to a decrease of the number of 
epibiontic bacteria after AB treatment, which did not come back, as bacteria were not added, 
or to a modification of the cytoplasmic organisation, which was shown to be related to 
variation of FSC and SSC (Lelong et al., 2011). Indeed, FSC and SSC are measurements of 
laser deviation and presence of epibiontic bacteria can probably modify them. The percentage 
of active cells was not modified without bacteria but cells of P. multiseries had a lower 
esterase activity without bacteria. As the competition with bacteria was lower and DA 
production reduced, cells may not have needed a high esterase activity to sustain their higher 
growth rate. Indeed, esterase activity has been shown to increase when P. multiseries cells 
started to produce DA (Lelong et al., 2011), probably because cells enhance the production of 
enzymes needed to produce DA and esterases are also enhanced, in a direct or indirect 
pathway. Thus if cells have less DA, they also have a lower esterase activity. Moreover, cells 
of P. delicatissima did not produce any DA and their esterase activity was not modified. Cells 
of P. multiseries and P. delicatissima had also fewer lipids when bacteria were removed. As 
"axenic" cultures were growing faster, they used more energy and had fewer lipids to store. 
The difference could also be due to bacterial lipids. Indeed, lipids of epibiontic bacteria were 
probably stained and may have been included in algal lipid content. To our knowledge, no 
study has been published so far on lipid content of the marine bacterial community, thus 
without any values, it is difficult to know if bacterial lipids would be high enough to enhance 
BODIPY fluorescence or not. The chlorophyll content of cells and the efficiency of 
photosynthesis were not modified either. Cells were able to perform photosynthesis, acquire 
carbon and probably acquire energy by respiration within the same proportion with or without 
bacteria. Photosynthetic efficiency of P. delicatissima was slightly reduced without bacteria, 
but not enough to affect the cells, as quantum yield remained above 0.5 during the entire 
exponential phase. With or without bacteria, cells did not exhibit much physiological 
modifications, meaning that even if cells grew better without bacteria, they were accustomed 
to "their" bacteria, with an adapted physiology. 
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4.3. Effect of exchanged bacterial community 
Cultures of P. multiseries were unable to grow when cultivated with P. delicatissima bacteria 
and P. delicatissima cultivated with P. multiseries bacteria, even if they grew well, had no 
stationary phase and died right after exponential phase. Different species of bacteria induced 
different effects on algal cells, from enhancement to inhibition of algal growth (Grossart and 
Simon, 2007). Grossart and Simon (2007) found that the addition of natural bacterial 
community to axenic Thalassiosira rotula increased the growth but cells died faster than in 
control cultures. Bacteria of P. delicatissima inhibited the growth of P. multiseries, and 
caused the algal cells to die when the concentration of P. delicatissima bacteria increased. 
Moreover, cells of P. multiseries started to die. Cultures of P. delicatissima grown with P. 
multiseries bacteria had no stationary phase, a lower maximum concentration and an 
increased percentage of dead cells. Cells probably stopped growing as they became more 
sensitive to bacteria, which may indeed be directly responsible for algal death. The exchange 
of bacteria modified the growth and survival of the two Pseudo-nitzschia species, to a 
different extent. The two bacterial communities seem to have algicidal effects, which may 
also explain why cells without bacteria grew better and faster than cells grown with their 
bacteria. It also confirms that each species is "adapted" to its bacterial community. The 
physiology of these cells was thus followed, to assess whether these modifications could be 
related to the physiological status of cells and if the physiology of cells could be related to 
DA production. 
 
The bacterial community did not modify the chlorophyll content or the photosynthetic 
efficiency of P. delicatissima cells, which can explain why cells were growing with the same 
growth rate regardless of the associated bacteria. When looking at their primary metabolism 
during exponential phase, esterase activity was not modified. The lipid content of P. 
delicatissima grown with alien bacteria was exactly the same than those of cells grown with 
P. delicatissima bacteria. As for the physiological parameters, the morphological parameters, 
linked, at least partially, to the cell content were not modified. These P. delicatissima cells, 
which were not able to produce any DA, probably found another mechanism to compete 
bacteria, which seems really efficient regardless of the associated bacterial community. When 
cells started to die, they exhibited an increased esterase activity, which may be a non specific 
mechanism induced to counteract mechanisms inducing cell death when cells are exposed to a 
stress. During several months after the isolation of the strain, cultures of P. delicatissima did 
not exhibit any stationary phase and died in a similar manner than P. delicatissima grown 
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with P. multiseries bacteria (Lelong A., unpublished data). A stationary phase appeared 
finally after around a year in our culture conditions. We can thus hypothesise that P. 
delicatissima, regardless of the associated bacterial community, needed several months to get 
adapted to this bacterial community and the appearance of a stationary phase proved that algal 
cells can adapt to and counteract algicidal affect of bacteria.  
 
Bacterial community had much more effect on the physiology of P. multiseries. Indeed, P. 
multiseries cells grown with P. delicatissima bacteria had a reduced chlorophyll content and 
photosynthetic efficiency, as well as a reduced lipid content and an increased esterase activity 
at the beginning of the exponential phase. Cells of P. multiseries with P. delicatissima 
bacteria did not seem able to perform efficient photosynthesis, and thus acquired less carbon 
and probably less energy through respiration. This energy was allocated over the first days to 
primary metabolism and more precisely to esterase activity, and not growth, as well as to 
secondary metabolism with an increased DA production. Lelong et al. (2011) showed that the 
beginning of DA production by P. multiseries is associated to an increase of esterase activity. 
Lipids were not stored, even if the cells were stressed, as cells did not acquire a lot of energy 
and probably used everything for DA production, at the expense of growth. After the mid-
exponential growth phase, all the energy was allocated to DA production. DA concentration 
was up to 17-fold higher than P. multiseries grown with their "own" bacterial community, and 
no storage of lipids nor esterase activity nor growth could be observed. Bates et al. (1995) 
found that DA production was enhanced by 115-fold following the addition of alien bacterial 
community, isolated from Chaetoceros sp. More recently, Kaczmarska et al. (2005) proposed 
that a specific bacterial community composition, or its density, may be important to explain 
the variable DA levels associated with some P. multiseries cultures. They hypothesized that 
some bacteria were antagonistic to the algae and induced an increase in DA production as a 
specific response to the presence of bacteria. Bacterial density was identical regardless of 
their origin, thus bacterial composition more likely triggered DA production. Wells et al. 
(2005) also suggested that algae produced DA for trace metal acquisition. But in the present 
study, P. multiseries did not produced DA to outcompete bacteria for trace metal acquisition, 
as algal cells did not grow and died. It can be due to algicidal effect of bacteria, or to the fact 
that all the energy they acquired (probably not a lot as chlorophyll content was reduced) was 
allocated to DA production. To explain this difference, we can hypothesise that cells of P. 
multiseries are not accustomed to bacteria of P. delicatissima, possibly because of 
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gluconolactone/gluconic acid production by bacteria but not only or necessarily (Osada and 
Stewart, 1997; Stewart et al., 1997). 
 
Cells of P. multiseries grown with "their" bacteria produced some DA, at decreasing 
concentration per cell as cells were growing. DA production decreased with reduced bacterial 
load and was enhanced by the addition of alien bacterial community. Thus, bacteria (alien or 
not) induced a stress; stress that induced DA production with a re-allocation of energy and a 
decrease of growth. Cells of P. delicatissima did not produce any DA and their physiology 
was not modified upon addition of alien bacteria. They were likely less stressed and/or 
developed mechanisms/strategies to compete the alien bacteria during exponential phase. 
However, these mechanisms probably weakened them and led them to death right after 
exponential phase. All the experiments run to set off DA production by P. delicatissima failed 
(Fe and Cu limitations, Lelong et al., in prep; Cu toxicity, Lelong et al. 2012a). There are two 
main hypotheses to explain this difference between toxic and non-toxic species: (i) bacteria 
are not the first trigger of DA and DA production is indirectly enhanced by the stress resulting 
of bacterial growth and (ii) bacteria are one of the first DA trigger but DA production is a 
burden for cells resulting in slower growth in culture conditions. Indeed, toxic strains/species 
often grew more slowly than non-toxic strain/species, in the same conditions (Fehling et al., 
2005; Thessen et al., 2009).  
 
For P. multiseries, alien bacteria, although not growing, resulted in a very strong stress, 
stopping growth and triggering high production of DA (or triggering DA, which stopped 
growth). Toxic and non-toxic Pseudo-nitzschia species possibly possess different mechanisms 
to outcompete bacteria or at least tolerate the presence of bacteria in their media. In the first 
group (toxic species), it involves DA production but probably not only and in the second it 
involves other unknown defences mechanisms, likely more efficient as non-toxic 
strains/species most often grow faster than toxic ones when cultivated in the same conditions 
(or with alien bacterial community). In toxic species/strains, DA production is often 
associated to stressful conditions (limitation in micro or macro-nutrients). We can hypothesize 
that stressful conditions, resulting in limited/reduced growth, may favour bacteria 
development and thus trigger DA production.
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Table 1: Physiological parameters of P. multiseries grown without bacteria (M0), with its bacteria (MM) or with bacteria of P. delicatissima (MD). FSC and SSC are 
morphological parameters measured by flow cytometry and expressed as arbitrary units. Chlorophyll autofluorescence is the FL3, expressed in arbitrary units and 
measured by flow cytometry. Quantum Yield has been measured by Pulse Amplitude Modulated fluorometry. Esterase activity has been measured by uptake of 
FDA and lipid content by BODIPY staining, both expressed in arbitrary units. 
  day FSC SSC 
Chlorophyll 
autofluorescence Quantum Yield FDA uptake 
BODIPY 
fluorescence 
 
mean ± SE mean ± SE mean ± SE mean ± SE mean ± SE mean ± SE 
M0 3 282.8 9.5 105.7 1.7 437.9 86.9 0.38 0.01 130.0 7.8 1466.4 65.6 
 4 283.4 12.5 106.8 6.7 503.8 38.8 0.38 0.05 157.3 37.3 1516.1 123.7 
 5 273.1 9.3 100.0 10.7 503.9 55.8 0.36 0.03 76.8 45.5 1530.4 83.2 
 7 277.4 1.4 100.1 2.3 647.1 94.5 0.39 0.04 122.5 8.3 1099.5 123.6 
 8 292.1 6.4 100.1 3.7 786.8 116.3 0.36 0.03 116.3 3.6 1121.6 63.7 
 10 290.0 0.8 99.3 0.1 821.1 66.0 0.41 0.05 121.6 1.6 1013.9 41.5 
 11 291.4 2.7 97.4 2.8 832.7 67.5 0.35 0.04 112.4 5.1 907.0 39.5 
 12 290.5 5.5 95.8 3.5 793.3 101.1 0.33 0.05 111.1 1.5 826.9 33.0 
 14 290.1 3.0 92.7 1.6 812.2 24.9 0.31 0.05 126.6 9.2 913.2 81.8 
 15 289.1 2.6 83.5 6.1 511.6 187.8 0.22 0.01 106.2 7.4 822.7 16.3 
 17 285.0 2.8 90.3 2.8 622.2 21.3 0.23 0.01 131.9 15.6 785.7 28.7 
MM 3 265.9 3.4 97.1 6.1 364.5 36.2 0.40 0.02 149.3 13.2 1443.7 42.7 
 4 280.8 2.7 96.2 3.6 472.6 33.8 0.39 0.00 132.7 11.4 1572.0 212.6 
 5 269.4 2.4 99.7 1.7 474.9 55.1 0.39 0.02 114.2 8.5 1336.8 171.1 
 7 281.9 6.8 98.1 5.3 643.3 35.3 0.42 0.02 139.5 6.4 1099.4 255.4 
 8 280.3 4.5 97.6 3.0 641.5 42.2 0.37 0.02 129.4 7.9 1193.9 67.1 
 10 299.0 3.3 105.1 2.6 921.4 6.2 0.35 0.01 148.9 9.0 1092.6 30.8 
 11 302.3 4.6 105.7 4.0 906.9 62.5 0.35 0.01 137.3 8.7 1019.8 11.4 
 12 300.5 1.7 105.5 2.9 853.7 44.8 0.30 0.01 128.7 9.7 999.3 11.6 
 14 305.6 3.6 102.5 3.2 978.6 47.4 0.31 0.02 161.6 7.6 1240.1 20.7 
 15 301.1 1.8 104.8 4.0 890.2 17.9 0.25 0.01 140.7 11.5 984.0 37.2 
 17 307.4 3.5 105.0 3.1 842.3 41.9 0.21 0.01 174.0 13.8 989.5 3.7 
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day 
  
FSC SSC Chlorophyll 
autofluorescence Quantum Yield FDA uptake 
BODIPY 
fluorescence 
  mean ± SE mean ± SE mean ± SE mean ± SE mean ± SE mean ± SE 
MD 3 270.8 5.7 99.3 6.4 549.4 35.5 0.34 0.02 138.7 20.8 1303.8 48.4 
 4 269.1 8.8 98.3 1.1 631.2 84.8 0.29 0.02 167.2 27.7 1493.2 293.8 
 5 261.3 1.4 91.5 1.8 689.1 68.9 0.29 0.00 187.1 15.3 1353.7 23.5 
 7 252.9 4.0 87.6 2.4 569.5 49.3 0.22 0.07 198.5 21.5 1147.7 38.0 
 8 254.0 3.8 87.3 2.7 510.7 47.9 0.25 0.02 159.9 7.4 1050.7 17.1 
 10 256.1 7.4 88.7 3.5 466.1 29.0 0.24 0.02 145.2 15.1 961.0 19.2 
 11 259.6 6.6 87.2 4.8 430.4 29.0 0.25 0.04 148.5 9.0 878.9 45.9 
 12 255.4 4.4 87.0 2.9 414.2 26.3 0.26 0.02 141.9 9.9 912.5 141.7 
 14 257.5 11.3 86.8 6.3 382.4 54.1 0.35 0.04 128.5 15.0 982.0 70.3 
 15 256.1 11.1 83.1 4.7 346.0 82.9 0.38 0.07 114.1 7.7 794.7 30.1 
  17 261.1 6.8 89.0 2.1 378.0 88.2 0.35 0.01 111.9 15.6 730.0 43.5 
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Table 2: Physiological parameters of P. delicatissima grown without bacteria (D0), with its bacteria (DD) or with bacteria of P. multiseries (DM). FSC and SSC are 
morphological parameters measured by flow cytometry and expressed as arbitrary units. Chlorophyll autofluorescence is the FL3, expressed in arbitrary units and 
measured by flow cytometry. Quantum Yield has been measured by Pulse Amplitude Modulated fluorometry. Esterase activity has been measured by uptake of 
FDA and lipid content by BODIPY staining, both expressed in arbitrary units. 
  day FSC SSC 
Chlorophyll 
autofluorescence Quantum Yield FDA uptake 
BODIPY 
fluorescence 
  
mean ± SE mean ± SE mean ± SE mean ± SE mean ± SE mean ± SE 
D0 1 68.0 0.6 15.7 0.4 218.1 3.5 0.40 0.08 33.6 3.0 108.5 20.9 
 2 75.2 0.7 15.3 0.4 252.8 4.9 0.56 0.01 46.5 0.4 124.9 13.6 
 3 75.6 0.3 14.2 0.5 252.4 2.0 0.58 0.01 33.9 0.2 116.3 3.7 
 4 76.9 0.3 13.1 0.2 256.9 3.8 0.59 0.00 34.9 1.8 124.9 4.3 
 6 68.1 0.6 12.9 0.0 260.4 2.4 0.55 0.00 40.1 4.4 150.3 11.6 
 7 67.0 0.2 13.5 0.4 253.7 1.2 0.40 0.01 47.4 0.2 95.5 13.2 
 8 80.9 0.3 14.0 0.1 323.7 2.1 0.30 0.02 33.4 1.6 118.9 17.3 
 9 88.0 0.2 15.1 0.3 339.2 4.5 0.26 0.01 34.2 1.6 207.7 10.6 
DD 1 68.7 2.0 16.0 1.0 207.8 7.1 0.44 0.04 37.9 2.4 102.7 5.3 
 2 81.8 1.0 16.3 0.4 270.7 5.8 0.55 0.02 51.1 4.6 138.4 27.3 
 3 85.5 0.8 15.9 1.0 289.3 3.1 0.59 0.01 40.9 1.0 151.9 7.4 
 4 86.8 0.5 14.5 0.1 283.2 3.5 0.62 0.01 37.8 4.5 161.8 4.6 
 6 79.8 0.5 14.2 0.2 289.5 7.1 0.59 0.01 33.1 0.8 227.6 10.7 
 7 73.3 0.4 13.8 0.3 258.4 2.8 0.48 0.02 38.2 1.7 158.6 8.3 
 8 83.0 0.4 14.1 0.1 302.5 2.4 0.35 0.01 38.9 1.4 143.7 1.6 
 9 88.8 0.4 15.0 0.2 309.9 3.3 0.30 0.01 45.4 1.0 199.8 5.6 
DM 1 69.0 0.9 15.8 0.5 209.8 17.3 0.47 0.05 35.1 2.3 105.6 4.2 
 2 83.1 0.3 16.8 0.8 275.6 10.3 0.56 0.01 52.0 3.4 128.8 23.9 
 3 82.5 0.2 15.8 0.3 289.9 2.6 0.58 0.01 38.8 2.0 135.8 4.4 
 4 84.4 0.3 14.4 0.1 293.9 3.0 0.63 0.00 40.5 0.8 152.0 15.3 
 6 71.3 0.7 13.1 0.2 276.1 3.8 0.58 0.01 45.6 5.4 184.2 9.6 
 7 77.3 0.4 14.7 0.3 299.6 7.4 0.44 0.02 60.2 2.0 148.8 5.5 
 8 92.4 0.1 14.9 0.1 356.8 3.7 0.34 0.01 73.0 15.7 171.8 3.5 
  9 92.2 0.4 12.7 0.2 275.3 1.5 0.30 0.00 59.5 9.5 242.9 4.7 
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Table 3: Morphological related parameters of bacterial community in P. multiseries cultures grown 
without bacteria (M0), with its bacteria (MM) or with bacteria of P. delicatissima (MD) and in P. 
delicatissima grown without bacteria (D0), with its bacteria (DD) or with bacteria of P. multiseries (DM).  
  day FSC bactéries SSC bactéries 
  
mean ± SE mean ± SE 
M0 3 91.2 2.3 2.9 0.0 
 4 106.0 4.4 4.3 0.2 
 5 74.9 2.7 4.5 0.1 
 7 123.1 3.8 4.6 0.2 
 8 260.7 7.8 4.7 0.1 
 10 272.7 4.4 4.8 0.2 
 11 212.8 9.2 4.0 0.0 
 12 337.2 18.0 4.1 0.1 
 14 198.1 0.9 3.8 0.1 
 15 198.1 0.9 3.8 0.1 
 17 369.4 18.7 4.2 0.4 
MM 3 110.7 1.4 4.1 0.0 
 4 128.8 1.1 4.1 0.1 
 5 113.6 1.1 4.1 0.0 
 7 173.1 5.5 4.6 0.0 
 8 263.9 17.2 5.3 0.1 
 10 292.4 43.4 5.5 0.2 
 11 191.6 15.0 4.9 0.2 
 12 262.9 21.3 5.4 0.3 
 14 193.5 12.7 4.9 0.1 
 15 193.5 12.7 4.9 0.1 
 17 311.3 19.7 5.2 0.2 
MD 3 91.7 3.2 7.9 0.5 
 4 92.6 4.3 8.7 0.3 
 5 79.5 5.1 7.9 0.1 
 7 118.7 7.2 7.8 0.1 
 8 180.9 9.4 7.3 0.0 
 10 190.4 1.8 7.3 0.2 
 11 145.0 7.3 5.5 0.1 
 12 191.7 24.7 6.9 1.1 
 14 193.1 7.3 4.6 0.1 
 15 193.1 7.3 4.6 0.1 
 17 329.0 10.3 5.4 0.8 
D0 6 94.9 43.4 7.4 1.8 
 7 423.0 138.7 12.1 1.1 
 8 506.5 70.6 14.6 2.6 
 9 446.1 135.9 16.2 3.4 
DD 1 529.1 13.9 26.9 0.5 
 2 316.2 8.8 19.4 0.3 
 3 214.9 0.7 18.0 0.1 
 4 193.0 2.3 16.0 0.1 
 6 176.0 2.4 17.4 0.1 
 7 177.1 2.2 17.6 0.2 
 8 172.9 0.8 16.2 0.1 
 9 136.6 3.1 13.2 0.1 
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  day FSC bactéries SSC bactéries 
  
mean ± SE mean ± SE 
DM 1 306.0 1.3 16.5 0.2 
 2 131.4 1.8 11.2 0.1 
 3 95.0 2.2 10.8 0.1 
 4 92.4 0.9 9.6 0.0 
 6 118.3 1.6 9.3 0.0 
 7 114.4 2.2 8.5 0.1 
 8 111.5 1.1 8.2 0.0 
  9 116.1 1.7 7.5 0.1 
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4.3. Conclusion 
 
 Le fait qu'une souche soit non-toxique n'est pas dû à la présence ou la nature des 
bactéries environnantes, tout au moins pour les souches et les communautés bactériennes que 
nous avons étudiées. En effet, dans notre étude, l'ajout de bactéries associées à une souche 
toxique de P. multiseries n'a pas pu rendre toxique une souche initialement non-toxique de P. 
delicatissima. A l'inverse les bactéries associées à une souche non-toxique peuvent augmenter 
la toxicité de la souche toxique. Par contre la présence de bactéries est bien indispensable à la 
production d’acide domoïque. Quelle que soit l'espèce, l'absence (ou la faible présence) de 
bactéries favorise la croissance phytoplanctonique et le métabolisme est modifié en 
conséquence (moins de cellules mortes, avec une plus faible activité des estérases et un 
moindre stockage de lipides). Le changement de communauté bactérienne affecte les deux 
espèces, mais de façon plus drastique P. multiseries. Il est cependant difficile de savoir si 
l'arrêt de la croissance des microalgues est dû à la production d'acide domoïque ou si la 
production d'acide domoïque est la conséquence de cette faible croissance. Il sera également 
important dans le futur de chercher à comprendre si la production d'acide domoïque est une 
cause directe ou indirecte de la présence de bactéries, à savoir donc si les bactéries induisent 
"volontairement" cette production ou si la seule compétition pour les nutriments est suffisante. 
Pour trouver la réponse à cette question, il s'avère très important de toujours prendre en 
compte, si ce n'est la nature des bactéries, au moins leur nombre, car cette étude montre 
qu'elles peuvent modifier la physiologie des cellules et la production d'acide domoïque. 
 
 La compétition avec les bactéries est bien un facteur qui augmente la production 
d'acide domoïque. S'il s'agit de compétition pour l'acquisition de micronutriments, comment 
des cellules de Pseudo-nitzschia modifient leur métabolisme pour répondre à des conditions 
de disponibilité en métaux traces différentes ? La production d'acide domoïque protège-elle 
les cellules de la toxicité du cuivre ?  
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5.1. Préambule 
 
En zones côtières habitées et industrialisées, le ravinement des eaux de pluie et le rejet 
des eaux usées peuvent entraîner des quantités importantes de métaux, et notamment de 
cuivre, vers l'océan (Stephenson and Leonard, 1994). Les concentrations de cuivre peuvent 
ainsi atteindre 1-2 µg l-1 dans les eaux côtières (Morel and Price, 2003), ou encore entre  0.2 
et 50 µg l-1 en Méditerranée (Santos-Echeandia et al., 2008) contre moins de 0.25 µg l-1 en 
océan ouvert (Apte and Day, 1998) et entraînent des effets délétères sur les espèces de 
microalgues côtières. Le seuil de tolérance au cuivre, qui provoque une inhibition de 50 % de 
la croissance, peut varier d'un facteur 1000 selon les espèces phytoplanctoniques (0.6 µg Cu l-
1
 pour Minutocellus polymorphus, Levy et al., 2007, et 635 µg Cu l-1 pour Parachlorella 
kessleri, Nugroho and Frank, 2011). Quand ce seuil est dépassé, les espèces ne poussent plus 
puis meurent. L'acide domoïque est connu pour être un chélatant non seulement du fer mais 
également du cuivre (Rue and Bruland, 2001). L'une des hypothèses de la communauté 
scientifique est que le cuivre ainsi chélaté n'est plus biodisponible, ce qui diminue sa toxicité 
(Maldonado et al., 2002). Le premier objectif de ce chapitre est donc de vérifier si l’acide 
domoïque est produit pour protéger les cellules contre une dose toxique de cuivre. Pour cela 
des doses toxiques de cuivre ont été ajoutées au milieu de culture d'une espèce toxique (P. 
multiseries) et d'une espèce non-toxique (P. delicatissima). Pour vérifier le rôle de l'acide 
domoïque en tant qu'agent protecteur contre le cuivre, lors d'une deuxième expérience, de 
l'acide domoïque a été rajouté à des cultures de P. delicatissima en même temps que des doses 
croissantes de cuivre. 
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5.4. Conclusion 
 
 Cet article met en évidence l'impact de la toxicité du cuivre sur une espèce toxique et 
une espèce non toxique de Pseudo-nitzschia. L'espèce non-toxique P. delicatissima s'est 
avérée beaucoup plus sensible au cuivre que l'espèce toxique P. multiseries, une concentration 
de 50 µg l-1 de cuivre provoquant ainsi la mort de P. delicatissima et ne modifiant pas la 
croissance de P. multiseries. Les doses de cuivre utilisées pour P. multiseries (entre 50 et 150 
µg Cu l-1) étaient cependant suffisantes pour induire un stress, sa physiologie étant modifiée 
après l'ajout croissant de cuivre, avec notamment une augmentation du contenu lipidique, du 
métabolisme primaire et du contenu en chlorophylle a probablement induite pour compenser 
la diminution de l'efficacité de photosynthèse. Pour autant, la production d'acide domoïque 
par P. multiseries n'a pas été modifiée par l'ajout croissant de cuivre. L'ajout simultané d'acide 
domoïque et de cuivre à des cultures de P. delicatissima (non toxiques) a permis de montrer 
que l'acide domoïque ne protège pas les cellules de Pseudo-nitzschia contre la toxicité du 
cuivre. La différence de résistance de ces deux espèces au cuivre ne semble donc pas due à 
l'acide domoïque, mais à des mécanismes physiologiques différents, P. multiseries possédant 
peut être des mécanismes de détoxification plus efficaces que P. delicatissima. L'autre 
hypothèse soulevée par ce travail est que les bactéries pourraient être à l'origine de la 
différence de sensibilité des algues, les bactéries sensibles étant liées à des algues résistantes 
et inversement. Un résultat qui n'était pas attendu est l'effet favorable de l'acide domoïque sur 
la croissance des bactéries, et ce indépendamment de la concentration en cuivre. 
 
Si l'acide domoïque n'est pas produit pour protéger les cellules d'une forte dose de 
cuivre, il l'est peut être pour permettre aux cellules d'acquérir fer et cuivre. Ainsi, Wells et al. 
(2005) suggèrent que toutes les espèces de Pseudo-nitzschia sont potentiellement toxiques en 
cas de limitation en fer et/ou cuivre. Une espèce initialement non toxique dont la croissance 
est limitée par le fer et/ou le cuivre devrait donc produire de l'acide domoïque. C'est ce que 
nous avons testé dans les expériences suivantes, qui font l'objet du chapitre 6. 
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6.1. Préambule 
 
Le fer intervenant dans de nombreux cycles cellulaires, tels la photosynthèse, la 
respiration et l'assimilation des nitrates (Sunda, 1988-1989), ses concentrations 
subnanomolaires dans 50 % l'Océan ouvert limitent la croissance optimale des espèces de 
microalgues présentes (de Baar et al., 2005, Boyd and Ellwood, 2010). Ce n'est pour autant 
pas le seul métal présent en concentration limitante dans certaines régions du monde. Dans 
une moindre mesure, le cuivre s'est récemment avéré aussi pouvoir limiter la croissance 
phytoplanctonique en mer de Béring (Peers et al., 2005). L'une des hypothèses actuelles 
voudrait que le cuivre ne soit pas directement limitant pour les cellules mais entraîne une 
limitation des cellules en fer (Maldonado et al., 2006). En effet, le cuivre est un composant 
des systèmes haute affinité de transport du fer (Maldonado et al., 2006). Certaines espèces de 
Pseudo-nitzschia, dont P. delicatissima, se retrouvent dans tous les océans mondiaux, en 
milieu côtier et océanique et ont donc réussi à s'adapter à ces concentrations variables et 
souvent limitantes en fer et cuivre. Ce sont aussi les diatomées de ce genre qui dominent 
souvent la communauté phytoplanctonique après un apport de fer à l'Océan ouvert (Coale et 
al., 2004, de Baar et al., 2005, Marchetti et al., 2006, Trick et al., 2010). L'objectif de ce 
chapitre est double. Pour commencer, nous avons voulu vérifier l’hypothèse de Wells et al. 
(2005) selon laquelle toute espèce de Pseudo-nitzschia limitée en fer peut être toxique. Si 
cette hypothèse est vraie et que l’acide domoïque est produit afin d'augmenter la 
biodisponibilité du fer et du cuivre, des limitations en ces micronutriments devraient induire 
la production d’acide domoïque chez P. delicatissima, ce qu'aucune des expériences 
précédentes n'a permis d'observer. D'autre part, nous avons voulu vérifier si le cuivre est 
principalement utilisé par ces cellules pour l'acquisition du fer ou si le cuivre a un rôle 
biologique indépendant du fer, induisant donc des modifications physiologiques différentes. 
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Abstract 
In ~ 50% of the ocean, iron (Fe) limits phytoplankton growth, and notably that of Pseudo-
nitzschia. Fe-limited Pseudo-nitzschia spp. may thus produce the potent neurotoxin domoic 
acid (DA) to access Cu, needed at the core of a high affinity Fe transport system. We 
investigated here the growth, physiology and DA production of P. delicatissima under Fe 
limitations, Cu starvation and Fe/Cu co-limitations. Growth parameters confirmed that P. 
delicatissima, like other Pseudo-nitzschia spp., has a very low Fe requirement, and that Fe 
and Cu interplay in an essential manner. At the physiological level, Fe limitations decreased 
chlorophyll content and quantum yield (QY). Severe Fe limitation decreased esterase activity 
and storage of lipids while mild Fe limitation increased both. Cu starvation increased 
chlorophyll content, lipid content and esterase activity, with QY being identical to replete 
cells. Co-limitations induced modifications close to, but significantly different from Fe 
limitations. These results indicate that the Cu demand for Fe acquisition may be low relative 
to other cellular Cu pools and/or that this species may not use this high affinity Fe uptake 
system. This may explain why this species did not produce DA, even under mild Fe limitation 
with enough energy to do so. 
 
Keywords: Pseudo-nitzschia, iron, copper, limitation, physiology
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Introduction 
Iron (Fe) is by far the most abundant metal in phytoplankton cells (Ho et al., 2003), with more 
than 50% of intracellular Fe located in the photosynthetic system, mainly in photosystems I 
and II (PSI and PSII) and cytochrome b6-f (Strzepek and Harrison, 2004). Some superoxide 
dismutases and thylakoid components are also Fe-containing, and Fe plays a crucial role in 
the assimilation of nitrogen (Sunda, 1988-1989; Raven et al., 1999). In 50% of the surface 
waters of the open ocean, its sub-nanomolar concentrations are low enough to limit 
phytoplankton growth, with major implications for the biogeochemical cycles of carbon, 
nitrogen and silicon. Over the last 20 years, it has indeed been convincingly demonstrated that 
Fe enrichment of surface waters of the ocean, notably in the High Nutrient Low Chlorophyll 
areas, results in an increase of phytoplankton growth, especially diatoms (de Baar et al., 2005; 
Boyd and Ellwood, 2010). During Fe enrichment experiments, pennate diatoms of the genus 
Pseudo-nitzschia, many of which periodically produce the potent neurotoxin domoic acid 
(DA), often become dominant (Coale et al., 2004; de Baar et al., 2005; Marchetti et al., 
2006b; Trick et al., 2010). Rue and Bruland (2001) showed that DA is a chelatant of Fe and 
copper (Cu), but the hypothesis that Pseudo-nitzschia produce DA in order to enhance Fe bio-
availability is still debated. Indeed, DA production by Fe-limited Pseudo-nitzschia can 
increase (Maldonado et al., 2002; Trainer et al., 2009) or decrease (Bates et al., 2001) 
compared to Fe replete cells. DA was also found in higher concentrations after an in situ Fe 
enrichment than before (Silver et al., 2010; Trick et al., 2010).  
 
Wells et al. (2005) hypothesized that Pseudo-nitzschia spp. actually produce DA to access Cu, 
which may play a key role in Fe acquisition. Cu is indeed at the core of a multicopper 
oxidase, an enzyme needed as part of the inducible Fe transport system of some Fe-limited 
phytoplanktonic cells (La Fontaine et al., 2002; Peers et al., 2005; Wells et al., 2005; 
Maldonado et al., 2006). Besides, some diatoms can replace Fe-rich cytochrome c6 by the 
functionally equivalent Cu-containing plastocyanin (Peers and Price, 2006). To date only two 
Cu enrichment experiments of natural planktonic communities have been conducted, and they 
both showed that Cu indeed increases the growth of Fe-limited phytoplankton in surface 
waters of the open ocean (Coale, 1991; Peers et al., 2005). Coale (1991) explained the 
increase in phytoplankton growth of the subarctic Pacific after Cu enrichment by a decrease in 
microzooplankton grazing due to Cu toxicity. Peers et al. (2005), on the contrary, showed that 
Cu addition to phytoplankton from the Bering Sea increased phytoplankton biomass without 
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affecting zooplankton grazing rate. In culture experiments, Annett et al. (2008) however 
showed that Fe limitation increases cellular Cu quota in only two species over eight centric 
diatoms. They proposed that in certain species the Cu demand of the high-affinity Fe transport 
system may be low relative to other cellular Cu pools, like Cu-containing superoxide 
dismutase and cytochrome c oxidase. 
 
Many studies have already been published on the effects of Fe limitation on diatoms (e.g. 
review by Sarthou et al., 2005; Marchetti and Cassar, 2009), including Pseudo-nitzschia 
(Maldonado et al., 2002; Wells et al., 2005; Marchetti et al., 2006a; Marchetti and Harrison, 
2007). These studies mainly focused on growth parameters, photosynthetic efficiency, 
elemental composition, and DA production for Pseudo-nitzschia. On the contrary, the effects 
of Cu limitation on diatoms (Peers et al., 2005; Annett et al., 2008; Zhu et al., 2010), and 
especially on Pseudo-nitzschia (Wells et al., 2005) are still scarce.  
 
Here we study how Fe and Cu limitations and co-limitations impact the growth rate and some 
of the morphological and physiological parameters of Pseudo-nitzschia delicatissima. All 
these measurements were performed in order to test, at the physiological level, (i) if there was 
an interaction between Fe and Cu, (ii) if the main effect of Cu limitation in this pennate 
marine diatom is to induce Fe limitation and (iii) how Fe and Cu could modify DA 
production. The photosynthetic parameters of the cells were studied, as Fe and Cu limitations 
are known to modify them (Inda et al., 1999; Moseley et al., 2000; Strzepek and Harrison, 
2004). Photosynthesis and respiration-derived energy can be used for both primary 
metabolism (measured using esterase activity) and secondary metabolism. When cells have 
energy they do not, or cannot, use for primary and/or secondary metabolisms, they store it 
under lipid form (measured using a probe staining neutral lipids). DA is a secondary 
metabolite (Pan et al., 1998), thus produced when cells have more energy than needed for 
primary metabolism and growth. Measuring all these parameters can help understanding to 
which metabolism cells allocate their energy (Lelong et al., 2011). These measurements were 
performed using flow cytometry and pulse amplitude modulated fluorometry, and conducted 
for Fe and Cu replete cells, three degrees of Fe limitation, Cu starvation and two degrees of 
Fe/Cu co-limitation. 
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Results 
Specific growth rate and morphological parameters  
Regardless of the limitation, the growth rate decreased during the first culture transfer and 
then remained stable during the acclimation to the different conditions, i.e. there was no 
significant variation during more than 20 generations. The higher growth rate was observed 
for the control cultures (Table 1, Fig. 1, µ = 0.91 d-1). The decrease in the specific growth rate 
with the total Fe concentrations was determined using a Monod saturation function (n = 12, 
R² = 0.86). It gives a maximum specific growth rate (µmax) of 0.96 ± 0.08 d-1, and a half-
saturation constant for growth with respect to total iron (KµFe) and inorganic iron (KµFe ') of 
5.13 ± 1.51 nM and 3.1 ± 0.91 pM, respectively. 
 
Fig 1. Specific growth rate of P. delicatissima versus total iron concentration in the medium for Fe 
limitation (open circles), Fe-Cu co-limitation (grey diamonds), Cu starvation (filled triangle), replete 
conditions (filled circle) (see Text/Table 1 for notation). Each symbol represents the mean, ± SE (n = 3) 
and letters represent different groups after one way ANOVA and Tukey rank test with p < 0.05. 
 
0Cu and 10Fe cultures induced mild limitations (µ > 0.60 µmax), whereas 1Fe, 5Fe, 
2.5Fe/0.5Cu, 5Fe/1Cu cultures induced severe limitations (µ < 0.35 µmax). Cultures did not 
grow under Fe starvation (0Fe) nor under Cu starvation when mildly Fe-limited (10Fe/0Cu). 
All the growth rates were significantly different (p < 0.01), except for 5Fe and 5Fe/1Cu 
cultures which grew at the same rate (p > 0.05, Fig. 1). However, all the other parameters (see 
below) indicated that 5Fe and 5Fe/1Cu cultures behaved differently at the physiological level, 
i.e. that 5Fe/1Cu cells experienced co-limitation. 
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Concerning morphological parameters, Cu-starved cells exhibited a significantly higher FSC 
and SSC than all the other cultures (Table 1). Using SSC, cell volume of Cu-starved cells was 
estimated to be ~ 25 % higher than that of replete cells. A 20 % increase in the cell volume of 
Cu starved cells was also observed by direct cell volume measurements in another experiment 
(Lelong, unpublished data). There was no clear trend for Fe-limited cells. Cells in 1Fe 
cultures had an estimated cell volume about 10 % lower than replete cells, whereas 10Fe cells 
had a 10 % higher estimated cell volume, but this may not be significant. Estimated cell 
volume for 5Fe cells, meanwhile, was about 40 % lower than in the control. When 5Fe cells 
were also Cu limited (5Fe/1Cu), however, and even though the growth rate remained similar, 
estimated cell volume significantly increased by about 25 %. The two co-limited cultures had 
the same SSC-estimated cell volume, which was about 20 % lower than the control (Table 1). 
 
Photosynthetic parameters  
The FL3 value, which can be related to the chlorophyll content of cells, and the quantum yield 
(QY), which is a measurement of the photosynthetic efficiency at the PSII level, were both 
measured. Fe-limited cultures exhibited significantly lower values of chlorophyll, chlorophyll 
production rate and QY than control cultures (p < 0.01, Fig. 2, Table 1). All these values 
decreased with the degree of Fe limitation, even when SSC-estimated cell volume was 
considered. On the contrary, Cu-starved cultures showed a significantly higher value of 
chlorophyll and chlorophyll production rate (p < 0.01) than control cultures. Even when 
taking into account the ~ 25 % increase in cell volume, Cu-starved cells seemed to contain 
about 40 % more chlorophyll than replete cells. The QY, however, was the same in Cu-
starved cultures and in the control (p > 0.05). Co-limited cultures also seemed to have 
significantly more chlorophyll, and as a result a higher chlorophyll production rate, and a 
higher QY than Fe-limited cultures at an equivalent growth rate (e.g. 5Fe and 5Fe/1Cu 
cultures), even when SSC-estimated cell volume was considered.  
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Fig 2. A. Chlorophyll autofluorescence and B. Efficiency of photosynthesis (Quantum Yield, QY) of P. 
delicatissima versus specific growth rate for Fe limitation (open circles), Fe-Cu co-limitation (grey 
diamonds), Cu starvation (filled triangle), replete conditions (filled circle) (see Text/Table 1 for notation). 
Each symbol represents the mean, ± SE (n = 3) and letters represent different groups after one way 
ANOVA and Tukey rank test with p < 0.05. 
 
Physiological measurements 
Esterase activity (i.e. activity of primary metabolism) under Fe limitation decreased only for 
the most limited cells (1Fe), per cell (Fig. 3A) and per cell volume. Cu-starved cells exhibited 
higher esterase activity than replete cells, both per cell and per cell volume (p < 0.01). When 
both limitations applied, however, co-limited cells had lower esterase activity per cell and per 
cell volume than control (p < 0.01).  
 
Severe Fe limitations did not modify the lipid content per cell (Fig. 3B), but caused its 
increase per cell volume. However, when bio-dilution was taken into account, severely Fe-
limited cells produced less lipid than replete cells. Mild limitation, on the contrary, by either 
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Fe or Cu, increased both production rate and intracellular content, per cell and per cell 
volume, whereas lipid content (per cell and per cell volume) decreased under Fe-Cu co-
limitation. 
 
Fig 3. A. Esterase activity and B. Lipid content of P. delicatissima versus specific growth rate for Fe 
limitation (open circles), Fe-Cu co-limitation (grey diamonds), Cu starvation (filled triangle), replete 
conditions (filled circle) (see Text/Table 1 for notation). Each symbol represents the mean, ± SE (n = 3) 
and letters represent different groups after one way ANOVA and Tukey rank test with p < 0.05. 
 
Domoic acid and bacteria 
None of our cultures produced detectable level of DA, regardless of the limitation. All of the 
cultures contained free-living bacteria, and their survival was not modified by culture 
conditions (i.e. Fe and/or Cu limitations). 
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Table 1: Specific growth rate (µ, d-1), morphological parameters (FSC, SSC, cell volume estimated from SSC values), photosynthetic parameters (chlorophyll 
content and production rate, Quantum Yield), and physiological parameters (esterase activity, intracellular lipid content and production rate) of P. delicatissima 
(mean, SE, n = 3) for replete cells (control), Fe-limited cells (1Fe, 5Fe and 10Fe), Cu-starved cells (0Cu) and co-limited cells (2.5Fe/0.5Cu, 5Fe/1Cu). AU = arbitrary 
units. 
 
Replete Fe limitations Cu starvation Co-limitations 
 Notation Control 1Fe 5Fe 10Fe 0Cu 2.5Fe/0.5Cu 5Fe/1Cu 
Total Fe/Cu concentration (nM) 500Fe/20Cu 1Fe/20Cu 5Fe/20Cu 10Fe/20Cu 500Fe/0Cu 2.5Fe/0.5Cu 5Fe/1Cu 
 
mean SE  mean SE  mean SE  mean SE  mean SE  mean SE  mean SE 
 
µ (d-1) 0.91 0.01 f
 
0.15 0.01 a
 
0.32 0.01 c
 
0.82 0.00 e
 
0.60 0.00 d
 
0.25 0.00 b
 
0.31 0.01 c
 
                      
FSC (AU) 41.5 0.8 c
 
29.9 0.4 b
 
24.2 0.2 a
 
52.4 3.6 d
 
89.9 0.5 e
 
29.6 0.3 b
 
31.3 0.5 b
 
SSC (AU) 12.7 0.2 d
 
11.6 0.1 c
 
8.1 0.1 a
 
14.1 0.2 e
 
16.0 0.1 f
 
10.3 0.1 b
 
10.2 0.1 b
 
SSC-estimated cell volume (µm3) 103  d
 
94  c
 
65  a
 
114  e
 
130  f
 
83  b
 
82  b
 
                      
Chlorophyll (AU cell-1) 194.2 3.6 e
 
49.0 0.3 b
 
27.2 0.3 a
 
126.5 5.9 d
 
341.2 0.7 f
 
70.4 0.2 c
 
74.4 1.3 c
 
Chlorophyll production rate (AU cell-1 d-1) 176.2 5.2 e
 
7.5 0.5 a
 
8.7 0.4 a, b
 
103.7 4.8 d
 
204.7 0.4 f
 
17.6 0.1 b, c
 
23.1 1.2 c
 
Quantum Yield 0.62 0.01 e
 
0.19 0.02 a
 
0.17 0.04 a, b
 
0.32 0.01 d
 
0.64 0.02 f
 
0.19 0.02 b, c
 
0.27 0.03 a, b
 
                      
Esterase activity (AU cell-1 min-1) 5.3 0.5 c
 
2.1 0.1 a
 
6.2 0.5 c, d
 
6.5 0.2 d
 
7.8 0.4 e
 
3.7 0.3 b
 
2.6 0.4 a, b
 
                      
Intracellular lipid (AU cell-1) 55.4 1.3 
a, 
b
 
62.6 0.8 b
 
58.9 0.7 b
 
109.5 9.4 c
 
223.6 6.4 d
 
45.2 0.9 a, b
 
36.9 1.2 a
 
Lipid production rate (AU cell-1 d-1) 50.4 1.7 b
 
9.4 0.8 a
 
18.9 0.8 a
 
89.8 7.7 c
 
134.2 3.8 d
 
11.3 0.2 a
 
11.4 0.7 a
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Table 2: Maximum specific growth rate (µmax, d-1), half-saturation constants for growth with respect to total iron (KµFe) and to inorganic iron (KµFe') and cell 
volume of different species of Pseudo-nitzschia. 
Genus Habitat Species Reference µmax (d-1) KµFe (total Fe, nM) KµFe' (inorganic Fe, pM) Cell volume (µm3) 
Pseudo-nitzschia Coastal P. delicatissima This study 0.96 ± 0.08 5.13 ± 1.51 3.1 ± 0.91 100 
  P. australis Maldonado et al., 2002 0.80 ± 0.24 ~ 1.7 ~ 8.7 4 750 
  P. multiseries Maldonado et al., 2002 1.00 ± 0.17 ~ 1.7 ~ 8.7 1 270 
     Marchetti et al., 2008 ~ 1.6 ~ 10 ~ 6 - 
 Oceanic P. granii Marchetti et al., 2008 ~ 1.6 ~ 1.8 ~ 1.1 968 
    P. heimii type 1 Marchetti and Harrison, 2007 ~ 1.4 ~ 3.1 ~ 1.9 - 
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Discussion 
Growth parameters under Fe and Cu limitations  
All our cultures grown under limiting Fe and/or Cu exhibited a decrease of their growth rate, 
indicating that the cultures were experiencing severe to mild limitations (Fig. 1).  
A decrease in the specific growth rate of phytoplankton species, including diatoms, is 
generally observed when Fe limitation is achieved (e.g. Sunda and Huntsman, 1995; Sarthou 
et al., 2005). This is also observed for Pseudo-nitzschia species in most cases (Maldonado et 
al., 2002; Marchetti et al., 2006a; Marchetti and Harrison, 2007; Marchetti et al., 2008), 
although adaptation to Fe limitation through domoic acid (DA) production may help some of 
the species to achieve maximum growth rates after numerous transfers (Wells et al., 2005). 
Marchetti et al. (2008) also studied the specific growth rates of P. multiseries and P. granii at 
different degrees of Fe limitation, which allows calculating a maximum specific growth rate 
and half-saturation constants for growth with respect to total iron and to inorganic iron (taking 
into acccount the EDTA concentration in their medium, see Culture media in Experimental 
procedures) (Table 2). Maldonado et al. (2002) and Marchetti and Harrison (2007) grew P. 
multiseries, P. australis and P. heimii type 1 at only one Fe-limiting concentration, but it 
decreased by half the growth rate compared to replete cells, i.e. the total Fe concentration they 
used can be considered close to KµFe for these species, and KµFe' can be estimated. Comparing 
KµFe' of these different Pseudo-nitzschia species indicates that P. multiseries and P. australis 
are 2- to 3-fold more sensitive to iron depletion than P. delicatissima, while P. granii and P. 
heimii type 1 exhibit the best adaptations (Table 2). The difference between these species can 
be partially explained by their habitat. Indeed, oceanic species are more adapted to low Fe 
concentration than coastal species (Sunda et al., 1991; Sunda and Huntsman, 1995; Marchetti 
et al., 2006a). Cell size may also explain the differences in Fe requirement between these 
coastal species. The cell volume of P. delicatissima is indeed much smaller than those of P. 
multiseries and P. australis (Table 2), i.e. the surface-to-volume ratio is higher, which helps 
acquiring limiting nutrients like Fe (Hudson and Morel, 1990). Maldonado et al. (2002) also 
noted that at similar Fe limiting concentrations, P. multiseries and P. australis grew faster 
relative to their maximum specific growth rate (µ/µmax) than other coastal diatoms.  
 
Maldonado et al. (2002) hypothesized that the release of DA, which is a ligand with high 
affinity for Fe in seawater (Rue and Bruland, 2001), may explain the competitive advantage 
of Pseudo-nitzschia cells. This hypothesis, however, does not hold for our non toxic strain of 
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P. delicatissima. One of the other adaptative mechanisms that allows Fe-limited cells to better 
acquire limiting nutrients is a decrease in cell size, which is commonly observed under Fe 
limitation (e.g. Sunda and Huntsman, 1995). In our case however no consistent trend was 
observed in cell size variations of P. delicatissima at different degrees of Fe limitation. Other 
adaptative mechanisms to Fe limitation include the replacement of Fe-rich molecules by some 
containing either no metal or another metal, e.g. ferredoxin by flavodoxin (La Roche et al., 
1993), or Fe-superoxide dismutase (SOD) by Mn -SOD (Peers and Price, 2004). However, 
because phytoplankton cells need ~ 10 times more Fe than any other trace metal, it is unlikely 
for Fe-limited cells to substitute all Fe-containing molecules by functionally equivalent 
molecules using other metals (Ho et al., 2003). Thus, even though P. delicatissima (and 
Pseudo-nitzschia spp. in general) seems to have very low Fe requirements compared to other 
diatoms, it still has an absolute requirement for this nutrient as evidenced by the zero growth 
rate of Fe-starved cultures. On the opposite, Cu starvation only induced a mild limitation (66 
% of µmax). This decrease of growth rate has already been observed for Cu-starved 
Thalassiosira weissflogii and Cu-limited T. oceanica and P. fraudulenta (Wells et al., 2005). 
Experiments run on Cu-limited P. multiseries and P. australis showed however no decrease 
of growth rate compared to control cultures (Wells et al., 2005). Our experiments also show 
that for this species, Fe and Cu seem to interplay in an essential manner. Indeed, even though 
Cu starvation only induced a mild limitation in P. delicatissima, this species has nonetheless 
an absolute requirement for Cu to grow under Fe limitation, as indicated by the zero growth 
rate under mild Fe limitation and Cu starvation (10 nM of Fe and no Cu). This essential Cu 
requirement to grow under Fe limitation seems however low (< 1nM of total Cu) as evidenced 
by the cell ability to (i) maintain the same growth rate under severe Fe limitation (5 nM of Fe) 
at 1 nM and 20 nM Cu, and (ii) to grow under severe Fe limitation and severe Cu limitation 
(2.5 nM of Fe and 0.5 nM of Cu). Annett et al. (2008) found that co-limited cultures of six 
different coastal species of diatom had the same low growth rate when co-limited than when 
only Fe-limited. Conversely, Zhu et al. (2010) found that Thalassiosira pseudonana grew 
more slowly when co-limited than when only Fe-limited. Similar observations to Zhu et al. 
(2010) have also been made for P. australis, P. multiseries and P. fraudulenta (Wells et al., 
2005).  
 
It was first hypothesized that Fe-limited phytoplankton had an increased need of Cu because 
of the use of a multi-copper oxidase as part of a high-affinity Fe transport system (Wells et 
al., 2005). It was later proved that Cu limitation indeed decreased Fe uptake rates, and that 
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transcription levels of a putative multi-copper oxidase gene were significantly elevated in Fe-
limited cells of T. pseudonana (Peers et al., 2005; Maldonado et al., 2006). More recent 
studies, however, demonstrated that for some diatoms, the Cu demand of the high-affinity Fe 
transport system may be low relative to other cellular Cu pools, like Cu-containing SOD and 
cytochrome c oxidase (Annett et al., 2008). For example, although the oceanic diatom T. 
oceanica needs Cu to acquire Fe (Peers et al., 2005), most of the Cu requirement of this 
species is attributable to its use of the Cu-containing plastocyanin rather than Fe-rich 
cytochrome c6 in the photosynthetic apparatus (Peers and Price, 2006). To further explore if 
the main effect of Cu limitation in P. delicatissima was to induce Fe limitation, we compared 
the effects of Fe and Cu limitations on photosynthetic parameters, activity of primary 
metabolism and lipid content.  
 
Does Cu limitation induce Fe limitation at the physiological level in P. delicatissima? 
One of the well known impacts of Fe limitation is the decrease of photosynthetic abilities. 
Indeed, Fe is a major component of the photosynthetic chain reaction of microalgae; with 
twelve atoms in photosystem I (PSI), five in cytochrome b6-f, two to three in photosystem II 
(PSII), two in ferredoxin and one in cytochrome c6 (Raven et al., 1999). Chlorophyll 
autofluorescence is assumed to be proportional to chlorophyll (chl) content and the decrease 
of chl a content (or chlorosis) has been previously shown to be a proxy of Fe limitation 
(Greene et al., 1992). This decrease in chl a content has already been demonstrated for Fe-
limited Pseudo-nitzschia sp. (Bates et al., 2001; Marchetti and Harrison, 2007). In the present 
study, not only did chl a content decrease, but quantum yield (QY) also decreased. The QY 
measures the maximum photochemical yield of PSII, thus the efficiency of photosynthesis at 
the beginning of the photosynthetic chain. Under Fe limitation, cells have less PSI and PSII, 
in an extent depending on the species (Strzepek and Harrison, 2004). The decrease of QY has 
been previously shown for different species of Pseudo-nitzschia during or after adaptation to 
low Fe concentration (Wells et al., 2005; Marchetti and Harrison, 2007; Marchetti et al., 
2008). The comparison of the photosynthetic efficiency of different Pseudo-nitzschia spp. 
under Fe limitation shows that all species decrease their QY under Fe limitation, but this 
decrease is not always related to a decrease of growth rate (Fig. 4), i.e. some species can 
maintain their growth in spite of impaired photosynthesis, to more than 90 % of µmax 
(Marchetti and Harrison, 2007; Marchetti et al., 2008).  
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Fig. 4. Relative variation of photosynthesis efficiency (QY/QYmax) versus relative variation in specific 
growth rate (µ/µmax) under Fe limitation for P. delicatissima (this study), P. heimii type 1 (open square, 
Marchetti and Harrison, 2007), P. cf. heimii type 2 (open triangle, Marchetti and Harrison, 2007), P. 
dolorosa (open circle, Marchetti and Harrison, 2007), P. cf. turgidula (open diamond, Marchetti and 
Harrison, 2007), P. multiseries (closed circle, Marchetti et al., 2008, and closed diamond, Marchetti and 
Harrison, 2007) and P. cf. calliantha (closed square, Marchetti and Harrison, 2007). Open symbols are 
oceanic species and closed symbols are coastal species. 
 
On the opposite, P. delicatissima cells under Cu starvation maintained a QY identical to 
replete cells but exhibited an increase of their chlorophyll content (as shown by increased FL3 
values), even when cell volume was considered. Zhu et al. (2010) found that Cu limitation did 
not modify chl a content of T. pseudonana and La Fontaine et al. (2002) did not find any 
chlorosis in Cu-limited C. reinhardtii cells either. For some microalgal species, Cu limitation 
can induce a shift from plastocyanin to cytochrome c6 in T. weissflogii and C. reinhardtii 
(Inda et al., 1999; Moseley et al., 2000). Plastocyanin, a Cu-containing protein between 
cytochrome b6-f complex and PSI was found in T. oceanica in replacement of cytochrome c6 
(Peers and Price, 2006). However, although our results clearly demonstrate that P. 
delicatissima was able to maintain an efficient photosynthesis at the PSII level, there is no 
proof that this adaptation occurs through plastocyanin / cytochrome c6 ratio adjustment or 
even that the photosynthetic apparatus was fully functional. QY indeed only takes into 
account PSII efficiency, and would not be affected by a modification of Cu-containing 
proteins at a later stage of the photosynthetic chain (Peers and Price, 2006). Other proteins 
and structural components may also be involved in such an adaptation. Under different 
stresses, microalgae are able to modify the lipid composition of their thylakoid membrane in 
order to maintain the functional integrity of photosynthetic membranes (Mock and Kroon, 
2002a, b).  Such a modification of the lipid composition could modify light absorbance 
Chapitre 6 – Limitations fer et/ou cuivre 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 
- 160 - 
(Ventrella et al., 2007) and thus cell autofluorescence and explain the increase in FL3 
observed in this study. Although it can be noted that lipid content varied greatly between Cu-
starved cells and replete cells, lipid composition, as well as photosynthetic pigments need to 
be fully characterized and quantified to better understand the maintenance of photosynthetic 
efficiency at the PSII level and the seemingly increase in chlorophyll under copper starvation. 
Regardless of the mechanisms at play, it can nonetheless already be asserted that Cu 
limitation (either starvation or co-limitation) had opposite effects on photosynthetic 
parameters than Fe limitation, strongly suggesting that the main effect of Cu limitation is not 
to induce Fe limitation in P. delicatissima. Fe and Cu however interplay at the physiological 
level, as evidenced by the fact that cells are not able to survive mild Fe limitation when also 
Cu-starved. 
 
Fe and Cu are not only components of the photosynthetic chain, but also of many other 
proteins, such as for example superoxide dismutases (SOD). Under Fe limitation, Fe-SOD can 
be replaced by Mn-SOD (Peers and Price, 2004). Changes in proportion of these different 
isoforms of SOD may affect metal cell demand and cellular physiology. Fe and Cu are also 
involved in essential processes that are not part of the ‘core’ non-cyclic electron flow. These 
processes include the NADPH dehydrogenase which is also involved in chlororespiration and 
cyclic electron flow around PSI (Raven et al., 1999). Fe and Cu are also components of the 
respiratory chain (Falkowski and Raven, 1997). Under Fe limitation, respiration has been 
shown to be down regulated in microalgae (Allen et al., 2008; Petroutsos et al., 2009). 
Because Cu is also a component of the respiratory chain, Cu limitation may also down 
regulate respiration.  
 
As a result, Fe and Cu limitations should affect both primary and secondary metabolisms, 
which depend on energy acquired through photosynthesis and respiration. Primary 
metabolism was estimated here through esterase activity. Cells undergoing mild limitation 
(10Fe and 0Cu) had a higher esterase activity than control cells, while cells undergoing severe 
limitation (both Fe-limited and Fe/Cu co-limited) reduced their esterase activity (except for 
5Fe cultures). When cells have extra energy that they are not able to use for primary 
metabolism (including growth), they store it under lipid form, at the expense of protein or 
carbohydrate synthesis (Giordano et al., 2001). This relationship is readily visible on figure 5 
which clearly shows that lipid production rate increased with increasing esterase activity, 
regardless of the limitation. An important feature displayed by this figure is the difference in 
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the efficiency of lipid production relative to the activity of primary metabolism between 
severe and mild limitations. At the most severe limitations (µ < 35 % µmax), ratio of lipid 
production over esterase activity was almost constant (2.6*10-3 ± 0.4*10-3 AU AU-1) and 2.5-
fold lower than for replete cells (6.6*10-3 ± 0.8*10-3 AU AU-1). As photosynthesis (and 
probably respiration) was lowered under severe limitation, it is likely that all available energy 
was used, none being stored under lipid form. Lipid content measured for these cells thus 
probably mainly represents structural lipids, which production can not be downregulated 
below ~10 AU cell-1 d-1. Mildly limited cells (10Fe and 0Cu), on the contrary, could increase 
this ratio up to 11.9*10-3 ± 1.0*10-3 AU AU-1, with production rate as high as 134 AU cell-1 d-
1
. Carvalho et al. (2006) also showed that Cu-limited cultures of Pavlova lutheri exhibited an 
increase of their lipid content. Because growth is reduced while photosynthesis does not seem 
to be affected, Cu-starved cultures may have extra energy to store under lipid form. Mildly 
Fe-limited cells (10 Fe) may also have had an imbalance between available energy and 
reduced growth rate which increased storage of lipids, even with reduced photosynthesis. On 
the contrary, replete cells did not need to store reserve lipids because they could use all their 
energy for growth. Thus lipid-related fluorescence using BODIPY, in control cells, likely 
corresponds to the staining of structural (membrane) lipids. A complete characterization and 
quantification of the different classes of lipids under different degrees of limitations would 
thus clearly improve our understanding of not only photosynthetic efficiency but also of how 
energy is distributed within primary and secondary metabolisms. 
 
Fig. 5. Lipid production rate versus esterase activity for Fe limitation (open circles), Fe-Cu co-limitation 
(grey diamonds), Cu starvation (filled triangle), replete conditions (filled circle) (see Text/Table 1 for 
notation). 
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Finally, a discriminant analysis (Fig. 6) was run to group all physiological parameters. It 
allowed a discrimination of all the cultures, with 100 % of the samples well assigned to their 
group. The two main functions explained 71 and 23 % of the variance. Gradients in Fe and Cu 
limitations from severe limitation to replete cells were particularly evident on function 1 for 
Fe limitations and on function 2 for Cu limitations. This confirms that Cu limitation induced 
different physiological modifications from Fe limitations, i.e. that for P. delicatissima, most 
of cellular Cu is probably used for other physiological mechanisms than Fe transport. Annett 
et al. (2008) also found that for six out of eight strains (and five out of six species) Cu demand 
of the high-affinity Fe transport system is low relative to other cellular Cu pools. The 
discriminant analysis also suggests that during co-limitations, even though Cu had an effect 
by itself, Fe limitation triggered the main response. This is in agreement with the fact that Fe 
is more essential for cells than Cu (Ho et al., 2003; Zhu et al., 2010). 
 
Fig 6. Discriminant analysis of P. delicatissima cultures grouping all physiological parameters for Fe 
limitation (open circles), Fe-Cu co-limitation (grey diamonds), Cu starvation (filled triangle), replete 
conditions (filled circle) (see Text/Table 1 for notation). 
 
Impacts of Cu and Fe on the physiological processes of the cells and the hypothesis of 
DA production 
The strain of P. delicatissima used in the present study was not able to produce DA, as some 
other P. delicatissima strains (Fehling et al., 2005; Thessen et al., 2005). DA is a secondary 
metabolite, produced when cells have enough energy besides that required for cell 
maintenance processes. We can thus hypothesize that highly limited cells, which were not 
able to grow, store any lipids or produce any esterase, probably would not have enough 
energy to produce any DA. On the opposite, mildly limited cells, with enough energy to store 
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lipids and increase esterase activity would definitely have energy to allocate to DA production 
if needed. Because DA is a Fe (and Cu) ligand in seawater, it was first hypothesized that Fe-
limited Pseudo-nitzschia produced DA in order to chelate and uptake this micronutrient (Rue 
and Bruland, 2001). Indeed, some Fe-limited Pseudo-nitzschia (generally growing at 50 % 
µmax or more, i.e. not being severely limited) produce more DA than replete cells, and adding 
DA either to the culture medium or in natural seawater increases their Fe uptake rates 
(Maldonado et al., 2002; Wells et al., 2005). However, the conditional stability constant 
between DA and Fe being low compared to other organic ligands in seawater, such as 
bacteria-excreted siderophores, DA concentrations as high as 100 nM would be needed for 
DA to effectively compete with siderophores (Rue and Bruland, 2001). As pointed out by 
Wells et al. (2005), these concentrations are rarely achieved in seawater. This and other direct 
observations led Wells et al. (2005) to hypothesize that DA is actually produced by Fe-limited 
diatoms to chelate and acquire Cu, which is needed as part of a high affinity Fe uptake system 
to ultimately access Fe complexed by stronger organic ligands like siderophores. Because Cu 
limitation induced different physiological responses from Fe limitation in our strain of P. 
delicatissima, one hypothesis is that this species does not use this high affinity Fe uptake 
system, and as such does not produce any DA even under mild Fe limitation. Its half-
saturation constant for growth with respect to Fe compared to other diatoms being low (see 
Text and Table 2), it must have, however, an adaptative mechanism to decrease its cellular Fe 
requirements and/or increase Fe availability. Another hypothesis regarding DA production 
may also be postulated, that if DA-acquired Cu is used to access Fe complexed by 
siderophores (Wells et al., 2005), DA production may actually be triggered by a threshold 
concentration of siderophores in the medium. It has already been postulated that DA 
production could be triggered by gluconolactone/gluconic acid, produced by some bacteria as 
a metal chelator (Osada and Stewart, 1997; Stewart et al., 1997; Stewart, 2008). Cultures of 
Pseudo-nitzschia grown without bacteria indeed lose their toxicity (Douglas et al., 1993; 
Bates et al., 1995). Our Fe-limited cultures were not axenic, but the bacterial concentration 
might have been too low to trigger DA production. Moreover, bacterial community was 
modified by Fe and Cu limitations (data not shown) and DA production can be differently 
modulated by different bacterial community (Kaczmarska et al., 2005). Thus the link between 
Fe, Cu, DA production and bacteria still needs to be further investigated, especially with 
seemingly non toxic Pseudo-nitzschia species. 
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Experimental procedures 
Culture conditions 
Batch cultures of the marine pennate diatom Pseudo-nitzschia delicatissima (strain Pd08RB, 
solitary species isolated in 2008 by Beatriz Beker in the Bay of Brest, France, ca. 100 µm3) 
were grown at 16°C in polycarbonate bottles. Species was determined after sequencing of the 
ITS-1 fragment, using PnAllR and PnAllF primers (Hubbard et al., 2008) and obtained 
sequences were aligned using GenBank. Cultures were grown under cool-white light 
(OSRAM) over a dark:light cycle of 12:12 h with an irradiance of 130 µmol photons m-2 s-1. 
Although the cultures were naturally xenic and grown without antibiotic, the culture media 
(see below) were sterilized using micro wave (Keller et al., 1988). Diatoms were pre-
acclimated to each culture condition until their growth rate remained stable over several days, 
and grown in triplicates. When analyses were conducted, at least 20 generations were grown 
in the same conditions and at an equivalent growth rate. Before each sampling, cultures were 
homogenized by 50 reversals. Cultures were sampled at mid-exponential phase of growth to 
maintain a pH lower than 8.5 and avoid CO2 limitation, and at the same time to avoid diel 
cycle variations. 
 
Culture media  
The medium consisted of artificial AQUIL seawater enriched with 300 µM nitrate, 10 µM 
phosphate, 100 µM silicate, 0.55 µg l-1 vitamin B12, 0.5 µg l-1 biotin, 100 µg l-1 thiamin, 10 
nM selenite and 100 nM molybdate (Price et al., 1988/1989). The medium also contained a 
trace metal ion buffer system consisting of 100 µM ethylene diamine tetra acetic acid 
(EDTA), 50.3 nM Co, 79.7 nM Zn and 121 nM Mn. The buffer system generated free ion 
concentrations of Co, Zn and Mn of 10-10.88, 10-10.88 and 10-8.27 M, respectively, at pH 8.1 
(Price et al., 1988/1989). In the replete medium, 500 nM Fe and 19.6 nM Cu were added. In 
the Fe-limited experiments, Fe additions were 0 (no addition), 1, 5, and 10 nM. In the Cu 
starvation experiment, no Cu was added to the medium. Three co-limited experiments were 
also conducted, containing 2.5 nM Fe / 0.5 nM Cu, 5 nM Fe / 1nM Cu and 10 nM Fe / 0 nM 
Cu. In the following manuscript, the cultures are referred to according to the limiting Fe or Cu 
concentrations in the medium in case of a single limitation (e.g. 1Fe, 0Cu,...), and with both 
values in case of a co-limitation (e.g. 2.5Fe/0.5Cu).  
Background concentrations of Fe or Cu in the medium without EDTA were not measured. 
However in a previous study, following the same protocol for the preparation of the medium, 
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the background Fe concentration was 0.6 nM (Bucciarelli et al., 2010). All bottles and 
apparatus were acid cleaned, and all manipulations were conducted within a sterile laminar 
flow hood equipped with a Teflon® bench using sterile and trace-metal clean techniques 
(Bucciarelli et al., 2010). In these media, most of Fe is chelated to EDTA as the non 
biovailable complex Fe-EDTA, which maintains picomolar concentrations of bioavailable 
inorganic Fe (Fe'). To allow comparisons between studies with different EDTA 
concentrations (see Discussion), [Fe'] must be calculated. To do so, equations between the 
different forms of Fe in the medium ([Total Fe] = [Fe-EDTA] + [Fe']) and the equilibrium 
constant between EDTA and Fe (C = [Fe-EDTA] / ([Fe'] * [EDTA]) are solved using a value 
of 107.18 for C (Sunda et al., 2005).  
 
Specific growth rate, morphological and physiological parameters  
Cell concentrations, morphological and physiological measurements, quantification of 
bacteria associated to P. delicatissima and percentage of dead bacteria in the culture were 
assessed using flow cytometry according to Lelong et al. (2011). A flow cytometer 
FACScalibur (BD Biosciences, San Jose, CA USA) with an argon blue laser (488 nm) was 
used, with the same settings for all the duration of the experiment to allow comparison 
between days. Each triplicate of culture was analyzed with technical duplicates. All the results 
obtained from flow cytometry are in arbitrary units of fluorescence and expressed per cell (for 
chlorophyll-related FL3, lipid-related BODIPY) and per cell per minute (for FDA-related 
esterase activity). 
 
Specific growth rate and morphological parameters  
Specific growth rate (µ, d-1) was determined by linear regression of the natural log(cell 
concentration) versus time. The maximum specific growth rate (µmax) and the half-saturation 
constant for growth with respect to iron (KµFe') were calculated using a Monod saturation 
function. Forward Scatter (FSC, light scattered at less than 10 degrees) and Side Scatter (SSC, 
light scattered at a 90 degree angle) flow cytometric measurements were also measured to 
provide light diffraction related morphological information.  
 
In 7 other experiments on Fe- and Cu- limited P. delicatissima, values of FSC and SSC were 
also measured by flow cytometry while 50 randomly selected cells were digitized on an 
inverted microscope using an analogic Leica camera and analyzed with software image 
analysis (Visilog 5) to determine their maximal width and length (Boutorh and Moriceau, 
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unpubl. data). The average cell volume was calculated using the geometric formula for an 
ellipsoid. Cell volume was well correlated to SSC (Vcell = 8.22 * SSC - 1.56, n = 7, R² = 0.92, 
p < 0.01) and data were more evenly distributed than when correlated to FSC (Vcell = 1.28 * 
FSC - 12.2, n = 7, R² = 0.88, p < 0.01). In our study, SSC was thus used to estimate cell 
volume. 
 
Photosynthetic parameters  
FL3 fluorescence (red fluorescence at 670 nm) can be related to the chlorophyll content of 
cells. Quantum yield (QY=(Fm-F0)/Fm=Fv/Fm), which is a measurement of the efficiency of 
the photosynthesis at the photosystem II (PSII) level, was measured using the AquaPen-C AP-
C 100 fluorometer (Photo Systems Instruments, Czech Republic) where F0 and Fm are 
respectively the minimum and maximum fluorescence of cells at 455 nm. The measurement 
of QY was performed after 20 min of dark adaptation of the cells at 16°C.  
 
Physiological measurements 
Mortality of P. delicatissima was assessed by staining cultures with 0.1 µM of SYTOX Green 
(Molecular probes, Invitrogen, Eugene, Oregon, USA) for 30 minutes. It showed more than 
95% of living cells in all of our cultures, which ensures that the physiological measurements 
were performed on living cells. Esterase activity, a proxy for the activity of primary 
metabolism, was assessed after staining the cells with 3 µM of fluorescein di-acetate (FDA, 
Molecular probes, Invitrogen, Eugene, Oregon, USA) for 6 minutes. A work solution of FDA 
at 300 µM was freshly prepared before each experiment. Uptake of FDA is time-dependent, 
as fluorescein is accumulated inside cells, thus results are expressed as arbitrary units per cell 
per minute (AU cell-1 min-1). Intracellular lipid content was assessed by staining lipids with 
10 µM of BODIPY 493/503 (Molecular probes, Invitrogen, Eugene, Oregon, USA) for 30 
minutes. 
 
Domoic acid 
Domoic acid (DA) content was quantified using ASP ELISA kit (Biosense Laboratories, 
Bergen, Norway), following the constructor protocol. Each triplicate of culture was analyzed 
with technical duplicates.  
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Bacteria 
Concentration and viability of free-living bacteria associated to P. delicatissima cultures were 
assessed using flow cytometry. To estimate bacteria viability, bacteria were analyzed after 15 
min incubation with a final concentration of 1/10000 of the commercial solution of SYBR 
Green I (Molecular probes, Invitrogen, Eugene, Oregon, USA) and propidium iodide (PI, 
Sigma, St. Louis, MO, USA) at 10 µg ml-1. 
 
Bio-dilution 
When cells divide, the cytoplasm and its content are divided between the two daughter cells. 
To assess the bio-dilution effect at steady state, the production rate (in arbitrary units per cell 
per day (AU cell-1 d-1) of lipids (BODIPY) and chlorophyll (FL3) can be calculated by 
multiplying the flow cytometric value (in AU cell-1) by the acclimated specific growth rate (in 
d-1).  
 
Statistics 
Effects of concentrations of Fe and Cu on the physiological parameters of P. delicatissima 
were tested using one way ANOVAs with the software StatGraphics Plus (Manugistics, Inc, 
Rockville, MD, USA). The test of rank used was the Tukey test (variance homogeneity was 
first tested and confirmed for all the parameters). Discriminant analysis was also performed to 
test the differences between the different cultures. For all statistical results, a probability of p 
< 0.05 was considered significant. 
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6.3. Conclusion 
 
Cette étude a permis de montrer que non seulement la limitation en fer et cuivre 
n'entraînait pas de production d'acide domoïque par une souche non toxique de P. 
delicatissima, mais également que les limitations en fer et cuivre n'induisaient pas les mêmes 
modifications physiologiques. Nous avons ainsi pu conclure que la carence en cuivre des 
cultures de P. delicatissima n'induisait pas une limitation en fer, signifiant que chez cette 
espèce la demande cellulaire en cuivre pour le transport du fer est minoritaire par rapport aux 
autres besoins en cuivre, ou que ces cellules possèdent un système d'acquisition du fer 
indépendant du cuivre. Cette conclusion, qui va à l'encontre d'une partie des théories actuelles 
(Wells et al., 2005; Maldonado et al., 2006), rejoint cependant celle de Annett et al. (2008), 
qui ont montré que pour six souches de diatomées sur huit étudiées (et cinq espèces sur six), 
le besoin en cuivre pour le transport haute affinité du fer est faible par rapport aux autres 
demandes cellulaires. Nous avons aussi pu montrer que les co-limitations fer-cuivre induisent 
surtout une limitation en fer des cultures, la limitation cuivre semblant secondaire et pouvant 
être compensée par les cellules par des modifications physiologiques pour maintenir leur taux 
de croissance. Par contre le cuivre devient indispensable quand le fer est limitant, ce qui laisse 
penser que chez cette espèce le fer et le cuivre peuvent tout de même être impliqués dans des 
mécanismes communs et/ou complémentaires (respiration, superoxyde dismutases contenant 
fer ou cuivre, ...). 
 
 La disponibilité en métaux influe donc la physiologie des Pseudo-nitzschia, qu'il y ait 
carence ou toxicité, et de fortes différences existent entre espèces. Il semble que la production 
d'acide domoïque de P. multiseries ne soit en revanche pas modifiée par l'ajout de cuivre et 
qu'une espèce non toxique soumise à un stress en fer ou cuivre (limitation ou toxicité) ne soit 
pas capable de produire de l'acide domoïque. Ces résultats n'invalident cependant pas 
l'hypothèse de Wells et al. (2005), qui reliaient la production d'acide domoïque au besoin 
cellulaire d'acquérir le cuivre pour transporter le fer. Au vu des données physiologiques, la 
demande cellulaire en cuivre pour le transport du fer chez P. delicatissima semble en effet 
être minoritaire, voire nulle, par rapport aux autres besoins en cuivre. Une autre hypothèse 
peut être postulée: si l'acide domoïque est effectivement utilisé pour acquérir le fer lié aux 
sidérophores excrétés par les bactéries (Wells et al., 2005), la production d'acide domoïque 
pourrait être régulée par la concentration en sidérophores dans le milieu. Le lien entre fer, 
cuivre, production d'acide domoïque et bactéries doit encore être approfondi. 
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SYNTHÈSE, CONCLUSIONS ET PERSPECTIVES 
 
 
1. La physiologie des cellules 
 
Le premier but de cette thèse était de suivre les modifications physiologiques des 
cellules de Pseudo-nitzschia, d'en déduire leur état physiologique et savoir si les cellules 
étaient stressées ou pas. En cas de stress, nous avons pu déterminer une partie des adaptations 
mises en place par les cellules pour contrecarrer et survivre à ce stress (Tableau 1). Pour 
savoir si la cellule est stressée ou pas, la mesure du taux de croissance uniquement ne suffit 
pas. Par exemple, lors de l'expérience de toxicité du cuivre (Lelong et al., 2012a - article 5), la 
croissance de P. multiseries n'est pas modifiée par l'exposition à 50 µg l-1 de cuivre alors que 
les modifications physiologiques mettent en évidence un stress. Ce stress n'est juste pas assez 
important pour se répercuter sur la croissance, les cellules développant sûrement des 
mécanismes de compensation. Dans ce cas, il faut également différencier stress à court, 
moyen et long terme. Il est plus probable qu’à court terme, les cellules soient capables de 
maintenir leur taux de croissance (première génération de Pseudo-nitzschia soumise à une 
carence en fer (Bates et al., 2001), ou à l'inverse ne soient pas adaptées à ce stress et donc 
incapables de croître (P. delicatissima soumise à une dose toxique de cuivre, Lelong et al., 
2012a - article 5). A moyen et long terme, les cellules peuvent ne plus être capables de 
maintenir leur taux de croissance (carences en fer et/ou cuivre, Lelong et al., in prep.-c - 
article 6) ou au contraire s'adapter et recouvrer leur taux de croissance (adaptation des cellules 
de P. multiseries à des carences en fer, (Wells et al., 2005). Ces travaux mettent donc en 
évidence l'importance de mesurer d'autres paramètres physiologiques et de ne pas se contenter 
de la croissance. De même, l'efficacité de photosynthèse, souvent utilisée comme proxy de 
l'état de santé des microalgues (par exemple McMinn et al., 2008) ne suffit pas. Par exemple, 
lors d'une limitation en cuivre (Lelong et al., in prep.-c - article 6), l'efficacité de 
photosynthèse des cellules de P. delicatissima n'est pas modifiée, alors que leur croissance, 
tout comme les autres paramètres physiologiques, l'est. Il est donc important de suivre 
différents paramètres physiologiques de façon simultanée pour mieux comprendre les 
mécanismes mis en place par les cellules pour survivre à un stress, quelque soit le phylum et 
la toxicité de l'espèce étudiée. Les différentes mesures que nous avons utilisées permettent 
non seulement de savoir si les cellules sont stressées mais également d'étudier de quelle façon 
le stress modifie la physiologie cellulaire (ou la cellule modifie sa physiologie en réponse au 
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stress) et d'en déduire une partie des adaptations physiologiques mises en place pour la survie 
cellulaire. 
 
Tableau 1 : Tableau récapitulatif des modifications physiologiques observées chez les cellules en cas de 
modifications des facteurs biotiques ou abiotiques. 
 Croissance Mortalité FL3 QY Estérases Lipides 
Sans bactéries + → → → - - 
Témoin → → → → → → 
Compétition → → + ? + ou ++ + ou ++ 
Faible toxicité 
cuivre (P. 
delicatissima) 
- → + - ++ + ou ++ 
Limitation 
cuivre (P. 
delicatissima) 
- → ++ → + ++ 
Limitation fer 
(P. 
delicatissima) 
- → - - + + 
Fortes 
limitations et 
co-limitations 
(P. 
delicatissima) 
-- → -- -- - ou -- → 
Avec autres 
bactéries (P. 
multiseries) 
-- ++ -- - + → 
Forte toxicité 
cuivre (P. 
delicatissima) 
-- ++ + - ++ puis -- ++ 
- ou -- = valeur < 50 % ou > 50 % en dessous du témoin  
+ ou ++ = valeur < 50 % ou > 50 % au dessus du témoin 
 
 Combiner différentes mesures physiologiques nous a permis de mettre en évidence 
qu'un stress, quel qu'il soit, stimule l'activité des estérases (sauf en cas de fortes limitations en 
fer et/ou cuivre, les cellules ayant trop peu d'énergie). Cette stimulation est très probablement 
non spécifique puisque mise en jeu en cas de fortes doses de cuivre (Lelong et al., 2012a - 
article 5), d'une limitation intermédiaire en fer ou cuivre (Lelong et al., in prep.-c - article 6), 
ou encore en cas de compétition avec une autre diatomée (Lelong et al., in prep.-a - article 3). 
Elle semble intervenir aussi bien à court qu'à moyen et long terme. Par contre, pour que ce 
mécanisme se mette en place et se maintienne, il est nécessaire que les cellules aient assez 
d'énergie. Ainsi, les cellules de P. delicatissima soumises à une forte dose de cuivre pendant 
plusieurs jours meurent, la production d'estérases est donc stoppée (Lelong et al., 2012a - 
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article 5). De même, les cellules de P. delicatissima soumises à une forte carence en fer, ont 
une photosynthèse peu efficace, ne poussent pas et n'ont pas de lipides stockés ; elles n'ont 
donc pas assez d'énergie pour produire des estérases (Lelong et al., in prep.-c - article 6). Le 
stockage de lipides est lui aussi dépendant de l'état des cellules. Si toute l'énergie disponible 
pour les cellules n'est pas utilisée, celles-ci stockent cette énergie excédentaire sous forme de 
lipides, principalement quand elles sont stressées, aux dépens des glucides (Giordano et al., 
2001). Mais pour que les estérases soient produites, ou les lipides stockés, les cellules doivent 
acquérir suffisamment d'énergie, par le biais de la photosynthèse suivie de la respiration. Lors 
de toutes les expériences menées dans cette thèse, tous les paramètres physiologiques mesurés 
peuvent être liés les uns aux autres et permettent ainsi de mieux comprendre l'état de stress 
des cellules, la façon dont les facteurs biotiques ou abiotiques modifiés perturbent la 
physiologie cellulaire et dont les cellules se protègent (Tableau 1). A la différence du milieu 
naturel, les cultures permettent de ne faire varier les conditions que d'un facteur. En milieu 
naturel, les espèces sont soumises à plusieurs stress simultanés, avec forcément des variations 
de plusieurs paramètres physiologiques, d'où l'intérêt de ces nombreuses mesures et des 
études en laboratoire en amont d'études de terrain. 
 
 Ces mesures ont en plus l'intérêt d'être potentiellement applicables à toutes les espèces 
de phytoplancton unicellulaire, sous condition qu'il puisse être analysé au cytomètre en flux. 
Cela permet donc de comparer la réaction à un même stress de différentes espèces, du même 
phylum ou de phylums différents (par exemple dinoflagellés et diatomées). Nous avons pu 
vérifier que cette approche fonctionne lors d'une collaboration avec Dianne Jolley. Toutes les 
mesures physiologiques ont été appliquées à des diatomées (Pseudo-nitzschia spp., 
Chaetoceros neogracile et Phaeodactylum tricornatum), un dinoflagellé (Alexandrium 
minutum) et deux algues vertes (Tetraselmis sp. et Dunaliella tertiolecta), exposés à des doses 
toxiques de cuivre. Cela nous a permis de constater que les réponses physiologiques varient 
en fonction de l'espèce concernée et peuvent même être totalement opposées. Appliquer ces 
mesures à différentes espèces peut donc permettre de mieux comprendre l'apparition de 
blooms, les successions d'espèces en milieu naturel, la réaction du phytoplancton en cas de 
stress, … 
 
Pour compléter les mesures que nous avons mises en place, il serait intéressant de 
développer en parallèle des mesures de photosynthèse et de respiration, des mesures de 
l'énergie directement disponible pour les cellules (par exemple mesurer l'ATP intracellulaire). 
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De plus, les mesures de lipides, grâce à la sonde BODIPY, permettent de donner une idée 
globale de la quantité de lipides intracellulaires, mais pas de déterminer la nature ni la 
répartition de ces lipides. Des expériences sont d'ailleurs en cours pour déterminer les 
différentes classes de lipides de P. delicatissima, et mieux comprendre l'impact de certains 
facteurs biotiques et abiotiques sur la composition lipidique de P. delicatissima (des dosages 
sont actuellement en cours sur une expérience de carence en cuivre). Pour être plus précis sur 
les réponses physiologiques à un stress particulier, il faudrait ensuite pouvoir doser des 
protéines spécifiques, tester l'activité d'enzymes connues et ciblées en fonction des différents 
facteurs de stress testés ou encore évaluer l'expression de gènes codant pour certaines 
protéines plus ou moins spécifiques dans la réponse au stress et si possible trouver les gènes 
responsables de la production d'acide domoïque (le génome de Pseudo-nitzschia est en cours 
de séquençage). A plus long terme, il serait intéressant de faire des études dans un premier 
temps en mésocosmes (si possible placés en milieu naturel, e.g. des bouteilles fixées à une 
bouée dans l'océan), pour vérifier que les espèces subissent des modifications physiologiques 
qui peuvent être mesurées, pour ensuite faire des études avec plusieurs espèces avant de 
passer aux mesures en milieu naturel (suivi temporel, effet de fertilisations, …). 
 
2. Lien entre physiologie et production d'acide domoïque 
 
Dans la majorité des études réalisées sur Pseudo-nitzschia (par exemple Bates et al., 
2001, Wells et al., 2005, Fehling et al., 2005), seules la croissance et l'acide domoïque sont 
mesurées. Pourtant, d'après nos résultats, il n'y a pas de lien direct entre ces deux paramètres 
(Figure 1). L'intérêt de notre étude est de mesurer d'autres paramètres physiologiques. En 
effet, le suivi de la physiologie a permis de suivre la photosynthèse et le métabolisme primaire 
(avec l’activité des estérases), ainsi que le stockage d'énergie excédentaire (entre autres avec 
le contenu lipidique et l’acide domoïque). L'acide domoïque étant un métabolite secondaire, 
sa production est directement liée à l'état physiologique de la cellule. Nous avons ainsi pu 
observer que la production d'acide domoïque est souvent précédée d'une augmentation de 
l'activité des estérases (i.e. du métabolisme primaire). Nous avons également observé que 
l’activité de ces estérases était augmentée en cas de stress (Lelong et al., 2012a, Lelong et al., 
in prep.-c - articles 5 et 6). Les estérases étant des enzymes non spécifiques, ces deux 
mécanismes ne sont peut être pas directement liés. Deux hypothèses peuvent donc être 
posées: (i) la production d'acide domoïque nécessite de nombreuses enzymes, le métabolisme 
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primaire, et plus précisément la production d'enzymes, dont les estérases, est donc augmenté 
et/ou (ii) les cellules sont soumises à un stress qui induit l'augmentation de l'activité des 
estérases et la production d'acide domoïque, deux mécanismes indépendants. A priori, aucun 
lien direct n'a pu être établi entre la production d'acide domoïque et la quantité de lipides 
stockés, ceux-ci étant stockés quand les cellules ont trop d'énergie ou sont stressées. La 
production d'acide domoïque peut se faire (i) quand il n'y a pas de lipides de réserve (P. 
multiseries mise en culture avec les bactéries associées à P. delicatissima, Lelong et al., in 
prep.-b - article 4), l'énergie est ainsi directement utilisée et n'est pas stockée ou (ii) quand il y 
a des lipides de réserve (P. multiseries soumise à des doses toxiques de cuivre, Lelong et al., 
2012a - article 5). Quand les cellules ne produisent pas assez d'énergie, l'énergie stockée sous 
forme de lipides peut alors être utilisée par les cellules pour la production d'acide domoïque. 
A l'inverse, chez les cellules ayant plus d'énergie que nécessaire pour la production d'acide 
domoïque, le stockage de lipides augmente. Tous les paramètres que nous avons mesurés 
permettent en partie de comprendre la répartition énergétique au sein des cellules, et surtout 
de mieux identifier son utilisation, par exemple pour la synthèse d'acide domoïque. Toutes ces 
mesures semblent nécessaires pour mieux comprendre quand et pourquoi, la production de 
toxine varie. D'autres mesures pourraient être effectuées, pour compléter le schéma de 
production de l'acide domoïque. Le dosage des glucides en complément de celui des lipides 
permettrait d'avoir une meilleure idée de la localisation de l'énergie stockée, tandis que le 
dosage des différentes classes de lipides permettrait de savoir si ce sont bien les lipides de 
stockage dont la quantité augmente, ou plutôt les lipides de structure. Là encore, les mesures 
sont faites en conditions contrôlées, en milieu naturel, les espèces se divisent rarement à leur 
taux maximal. Le passage par des mesures en laboratoire est obligatoire pour pouvoir détailler 
les variations physiologiques en réponse à un seul facteur, chose impossible en milieu naturel. 
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Figure 1. A. Scénario de modifications physiologiques et production d’acide domoïque suivant la présence 
ou l’absence de bactéries, par rapport à un témoin non axénique, chez P. multiseries. B. Scénario de 
modifications physiologiques et de production d’acide domoïque en cas de forte concentration de cuivre 
dans l’eau. C. Scénario de modifications physiologiques et de production d’acide domoïque en cas de 
limitations en fer et/ou cuivre. En noir, les relations démontrées lors de cette thèse, en traits pleins, nos 
résultats, en traits pointillés, les hypothèses posées pour expliquer les résultats de Maldonado et al. (2002) 
dans le scénario B ou les résultats de Wells et al. (2005) dans le scénario C. 
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3. La modification de la production d'acide domoïque 
 
La présence de bactéries est connue pour être indispensable à la production d'acide 
domoïque (Bates et al., 1995, Douglas et al., 1993, Kaczmarska et al., 2005). Nous avons 
cependant pu démontrer qu'une réduction de 90 % de la concentration bactérienne au moment 
de l'inoculum était suffisante pour stopper la production d'acide domoïque (Figure 1A, Lelong 
et al., in prep.-b - article 4). De plus, cette production reste basse même lorsque la 
concentration bactérienne de la culture "axénique" rejoint celle de la culture non axénique 
(Lelong et al., in prep.-b - article 4). Cela peut venir du fait que seules certaines bactéries sont 
capables d'induire la production d'acide domoïque et que ces bactéries ont été plus 
efficacement éliminées par les antibiotiques. En effet, l'hypothèse actuelle voudrait que la 
production d'acide domoïque soit induite par la présence de gluconolactone/acide gluconique, 
un chélatant des métaux produit uniquement par certaines bactéries (Osada and Stewart, 1997, 
Stewart, 2008, Stewart et al., 1997). Ainsi, seulement une partie des bactéries associées à P. 
multiseries produirait ce chélatant et serait éliminée par le traitement antibiotique. Les 
bactéries associées à P. delicatissima entraînant une très forte production d'acide domoïque, 
nous pouvons supposer que ces bactéries produisent beaucoup de gluconolactone/acide 
gluconique. Il serait intéressant pour les expériences futures, de doser cet acide gluconique, en 
parallèle du dosage de l'acide domoïque.  
 
Lorsque nous avons exposé P. delicatissima à des fortes doses de cuivre avec ajout 
d'acide domoïque, nous avons pu noter que l'acide domoïque ne protégeait pas les cellules de 
Pseudo-nitzschia de l'effet toxique du cuivre (Lelong et al., 2012a - article 5). Par contre 
l'acide domoïque favorisait la croissance bactérienne, et ce indépendamment de la présence de 
cuivre. Ce résultat suggère que les bactéries pourraient tirer profit de l'acide domoïque et 
l'utiliser pour leur propre métabolisme (acquisition de métaux ?), et non pour se protéger du 
cuivre. De même, lors de l'expérience exposant P. multiseries à de fortes doses de cuivre, la 
production d'acide domoïque n'était pas modifiée, tandis que les bactéries étaient tuées. 
Pourtant, Maldonado et al. (2002) ont observé une augmentation de la production d'acide 
domoïque lors d'une exposition au cuivre (dose médiane à celles que nous avons utilisées). 
Cela pourrait s'expliquer par une augmentation de la population bactérienne lors de leur étude 
(Figure 1B). En effet, certaines bactéries sont stimulées par la présence de cuivre (par 
exemple cas des bactéries associées à D. tertiolecta, données personnelles), la croissance de 
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ces bactéries pouvant entraîner une stimulation de la production d'acide domoïque. Dans ce 
cas, il reste à déterminer si toutes les bactéries sont capables d'utiliser l'acide domoïque et 
l'utilisation qu'elles peuvent en faire. Les bactéries associées à P. delicatissima se multiplient 
avec une algue non-toxique, et ne sont donc a priori pas adaptées à la présence d'acide 
domoïque. Elles ont pourtant su utiliser l'acide domoïque ajouté au milieu (Lelong et al., 
2012a - article 5). Si les bactéries utilisent en premier l'acide domoïque, quel peut donc être 
l'intérêt pour P. multiseries, et toutes les autres espèces toxiques, à en produire ? En effet, du 
"point de vue" de Pseudo-nitzschia, produire de l'acide domoïque semble se faire au détriment 
de la croissance, qui peut même être nulle (Lelong et al., 2012a - article 5). Ainsi, dans la 
littérature, des espèces/souches toxiques se multiplient moins vite en moyenne que les 
espèces/souches non toxiques, même cultivées dans des conditions identiques (Thessen et al., 
2009). L'acide domoïque n'a pas de pouvoir allélopathique (Lundholm et al., 2005), pas plus 
qu'il ne semble rendre P. multiseries plus compétitive (Lelong et al., in prep.-a - article 3). Il 
ne limite pas le broutage (Bargu et al., 2003, Thessen et al., 2010) et n'a a priori pas d'effets 
négatifs majeurs sur les filtreurs (Jones et al., 1995, Douglas et al., 1997), seulement sur les 
derniers maillons trophiques, qui n'ont aucun contact direct avec Pseudo-nitzschia. Le rôle 
écologique de l'acide domoïque est donc inconnu et semble relativement mineur, même si son 
impact sur la santé humaine et l'économie est lui très important. D’autant plus que les 
espèces/souches non toxiques sont également retrouvées partout dans le monde (Lelong et al., 
2012b - article 1) et ont donc probablement mis en place un autre mécanisme, plus efficace, 
pour acquérir les métaux traces. Ainsi, quelque soit la communauté bactérienne associée à P. 
delicatissima (Lelong et al., in prep.-b - article 4), les algues ont le même taux de croissance 
et une physiologie quasiment similaire. L’hypothèse que P. delicatissima produise un autre 
chélatant, non utilisé par les bactéries et donc plus efficace pour les cellules de Pseudo-
nitzschia, est à envisager. Cela pourrait également expliquer la plus forte croissance des 
espèces/souches non toxiques. 
 
Une observation plus détaillée des communautés bactériennes, permet de mettre en 
évidence des différences suivant les espèces de Pseudo-nitzschia (Annexe 1). Dans cette 
thèse, seuls les paramètres "morphologiques" (FSC et SSC) et la mortalité des bactéries ont 
été suivis. Par exemple, en cas de fortes doses de cuivre, les bactéries peuvent être sensibles et 
mourir (cas des bactéries associées à P. multiseries, (Lelong et al., 2012a - article 5), ne pas 
être impactées (cas des bactéries associées à P. delicatissima, (Lelong et al., 2012a - article 5) 
ou encore être stimulées (cas des bactéries associées à D. tertiolecta, données personnelles). 
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La communauté peut également être modifiée au cours de la croissance de l'algue (deux 
semaines, Annexe 1) ou au cours du temps (Sapp et al., 2007). Ainsi, le nombre de bactéries 
associées à P. delicatissima a fortement diminué entre le moment de son isolement et 
aujourd'hui, avec une moyenne supérieure à 30 millions de bactéries par ml en novembre 
2009, pour une moyenne de 5 millions en janvier 2011 (au moment de la fin de phase 
exponentielle de P. delicatissima). Les cultures semblent s'adapter à "leur" communauté 
bactérienne, comme le montre l'apparition d'une phase stationnaire chez P. delicatissima après 
plus d'un an de culture (données personnelles). L'adaptation à une communauté bactérienne au 
cours des repiquages pourrait expliquer la perte de toxicité observée avec les années chez P. 
multiseries and P. australis (Bates, 1998, Rhodes et al., 2004). Elle pourrait également être 
liée à la diminution de taille observée chez les diatomées avec le temps et n'être pas 
directement liée à l'adaptation aux communautés bactériennes. Le nombre de bactéries, ainsi 
que le ratio bactéries/Pseudo-nitzschia, changeant au cours de la croissance de l'algue, 
pourraient expliquer pourquoi certaines espèces produisent de l'acide domoïque en phase 
exponentielle (Lelong et al., 2011, Adams et al., 2000, Garrison et al., 1992, Pan et al., 2001) 
et d'autres en phase stationnaire (Fehling et al., 2004, Thessen et al., 2009, Trainer et al., 
2009). Malheureusement, seule notre étude (Lelong et al., 2012b - article 1) a suivi la 
croissance bactérienne. La production d'acide domoïque était corrélée dans cette étude au 
ratio bactéries/Pseudo-nitzschia. Une production d'acide domoïque en phase stationnaire 
serait donc due à une croissance bactérienne qui continue quand les Pseudo-nitzschia sont en 
phase stationnaire, entraînant une augmentation du ratio bactéries/Pseudo-nitzschia. 
 
De même, lors de carences en fer et/ou cuivre sur P. delicatissima, la communauté 
bactérienne est affectée (Annexe 1). Si on part du principe que les bactéries induisent la 
production d'acide domoïque pour leur propre acquisition de métaux (ou que l'excrétion de 
gluconolactone/acide gluconique induit la production d'acide domoïque), nous pouvons 
supposer qu'en cas de limitation cuivre et/ou fer, les bactéries vont soit induire une 
augmentation de la production d'acide domoïque, soit produire plus de gluconolactone/acide 
gluconique qui va induire une augmentation de la production d'acide domoïque (Figure 1C). 
Dans les deux cas, une souche de Pseudo-nitzschia toxique produira plus d'acide domoïque en 
cas de limitation. Cela a été prouvé par Wells et al. (2005) qui ont montré que P. australis 
produit plus d'acide domoïque en cas de limitation en cuivre ou en fer et en cuivre alors que 
P. multiseries produit plus d'acide domoïque en cas de limitation fer et/ou cuivre. Par contre, 
ils ont également observé une diminution de la production d'acide domoïque après adaptation 
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des cultures au milieu limitant en fer. Cela peut s'expliquer de différentes manières : (i) les 
algues ont mis en place d'autres mécanismes, sont ainsi adaptées à la carence et n'ont plus 
besoin de produire autant d'acide domoïque ou (ii) les bactéries sont adaptées à la carence et 
produisent moins de gluconolactone/acide gluconique ce qui induit une plus faible production 
d'acide domoïque ou encore (iii) les bactéries sont adaptées à la carence et induisent moins 
d'acide domoïque car elles ont réduit leur métabolisme et ont moins besoin de fer/cuivre. Pour 
mieux comprendre l'effet d’autres limitations (par exemple en phosphate, silice, …), il 
conviendrait donc de refaire les expériences en suivant a minima la concentration bactérienne 
et si possible leur "morphologie" et physiologie (i.e. leur survie, …).  
 
Si le déclencheur réel de la production d'acide domoïque reste inconnu, il semble que 
le rôle des bactéries soit incontournable et que la présence (en tout cas de certaines d'entre 
elles) soit indispensable. La question majeure reste de déterminer pourquoi et comment les 
bactéries induisent cette production d'acide domoïque. Est-ce une induction directe ? Ou la 
compétition avec les bactéries induit-elle la synthèse d'acide domoïque, dont les bactéries ont 
su détourner le rôle à leur propre profit ? Pourquoi la compétition avec une autre diatomée 
n'induit pas la production d'acide domoïque ? Pourquoi des variations en nutriments peuvent 
modifier la production d'acide domoïque (par exemple la limitation en phosphore augmente la 
production d'acide domoïque, Fehling et al., 2004) ? Nous avons pu voir dans nos expériences 
que le stress seul n'induit pas la production d'acide domoïque. Tout est-il donc lié aux 
bactéries et à leur concentration ? Si la production d'acide domoïque semble avoir des effets 
négatifs sur les cellules, quels mécanismes ont été mis en place par les cellules non toxiques 
pour "remplacer" l'acide domoïque ? Puisque seules certaines bactéries semblent capables 
d'induire la production d'acide domoïque et à des niveaux variables, il semble également 
intéressant de déterminer la diversité bactérienne associée aux différentes souches d'algues et 
d'aller plus loin dans la détermination d'espèces bactériennes, et/ou au moins de déterminer 
quelles bactéries sont inductrices de la production d'acide domoïque et lesquelles ne le sont 
pas. 
 
 
Nous n'avons bien entendu pas testé tous les facteurs et il est possible que l'acide 
domoïque ait un rôle positif pour les espèces de Pseudo-nitzschia dans certaines conditions. 
Cette production se faisant au détriment de la croissance, il faut que cette production soit la 
seule possibilité pour les algues de survivre. La présence de bactéries augmentant la 
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production d'acide domoïque pourrait être une "erreur". Les bactéries pourraient induire la 
production d'acide domoïque (directement ou indirectement) alors que la cellule n'en a pas 
besoin, entraînant un avantage compétitif pour ces bactéries. En milieu naturel, cet avantage 
des bactéries sur les espèces toxiques pourrait expliquer la disparition récente d'évènements 
toxiques à P. multiseries dans le monde (Lelong et al., 2012b). Bien entendu, ces expériences 
doivent être refaites sur d'autres espèces, pour confirmer que la production d'acide domoïque 
se fait au détriment de la croissance, et dans des conditions se rapprochant le plus possible du 
milieu naturel, avant de passer à des mesures (et plutôt des suivis) en milieu naturel.
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ANNEXES 
 
Annexe 1 – Cytogrammes des communautés bactériennes 
 
 
Figure 1. Cytogrammes des populations bactériennes de P. multiseries CCAP 1061/32 (A), P. 
multiseries CLNN-16 (B) et P. delicatissima (C) au cours des expériences de suivi physiologique (Lelong et 
al., in press.-b - article 2), compétition (cellules de Pseudo-nitzschia seules, Lelong et al., in prep.-a - article 
4) et échange de communauté bactérienne (P. delicatissima avec ses propres bactéries, Lelong et al., in 
prep.-b - article 3) respectivement. Chaque couleur représente une population bactérienne, avec un 
contenu en ADN différent. 
 
Les figures 1 à 3 sont des cytogrammes des communautés bactériennes associées à P. 
multiseries ou P. delicatissima. Pour pouvoir les détecter au cytomètre en flux, les bactéries 
ont été marquées au SYBR Green. Les cytogrammes représentent les paramètres 
"morphologiques" des communautés bactériennes (FSC, diffusion de la lumière aux petits 
angles et SSC, diffusion de la lumière aux grands angles) où la fluorescence FL1 des bactéries 
due au marquage SYBR Green. Sur la figure 1, on peut voir que la population bactérienne est 
Annexes 
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différente non seulement entre espèces mais également entre souches différentes d'une même 
espèce. Les populations bactériennes ont différents paramètres morphologiques mais 
également un contenu en ADN différent. Sur la souche CCAP 1061/32 (Figure 1A), on peut 
voir différents pics sur l'histogramme FL1, qui correspondent à différents contenu en ADN. 
Chaque pic ayant une fluorescence multiple du premier pic, il s'agit fort probablement d'amas 
d'une, deux bactéries ou plus, bactéries associées à même type (i.e. même contenu en ADN) 
(cf. Lelong et al., in press - article 2). Ces amas sont visibles dans la culture de P. multiseries 
CLNN-16, de façon un peu moins nette, avec beaucoup plus de bactéries ou débris avec une 
très faible fluorescence verte. Chez P. delicatissima, les différentes pics en FL1 ne sont pas 
des multiples et représentent donc plus probablement différents types de bactéries, avec un 
contenu en ADN différent. 
 
Figure 2. Cytogrammes des populations bactériennes de P. multiseries CLNN-16 au cours de 
l'expérience de compétition (cellules de Pseudo-nitzschia seules, Lelong et al., in prep.-a - article 4) après 3 
jours (A) et 19 jours (B) de croissance. 
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La figure 2 correspond à la communauté bactérienne associée à P. multiseries CLLNN-16 au 
cours la même expérience de suivi de croissance (Lelong et al., in prep.-a - article 4), après 3 
et 19 jours de croissance (Figure 2A et 2B respectivement). On peut voir qu'au cours de la 
croissance algale, une population apparaît (en noir, Figure 2B), population qui n'a pas de pics 
de FL1 visibles. Cette population avec une forte valeur de SSC pourrait correspondre à des 
agrégats bactériens de grande taille, sauf que leur fluorescence verte n'augmente pas. Par 
contre, quand on retire cette population, on voit apparaître les pics avec des valeurs multiples 
de fluorescence, qui montrent des agrégats. Le nombre d'agrégats semble augmenter avec le 
temps. 
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Figure 3. Cytogrammes des populations bactériennes de P. delicatissima au cours de l'expériences 
de limitation en métaux (Lelong et al., in prep.-d - article 6). A. culture témoin donc non limitée (500 nM 
total de fer et 20 nM total de cuivre). B. culture limitée strictement en cuivre (0 nM de cuivre). C. culture 
fortement limitée en fer (1nM total de fer). D. culture limitée en fer (5nM total de fer). E. culture limitée 
en fer et en cuivre (2.5 nM total de fer et 0.5 nM total de cuivre). 
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 La figure 3 représente les communautés bactériennes associées à P. delicatissima 
maintenues en milieu AQUIL et après adaptation à des conditions limitantes en fer et/ou 
cuivre. On peut ainsi voir que les algues ne sont pas les seules à s'être adaptées. Quand on 
regarde par exemple le pic M1, plus le milieu est limitant, plus ce pic est petit comparé au 
nombre total de bactéries. Cette population bactérienne est donc probablement limitée elle 
aussi. Il est par contre difficile de déterminer si certaines espèces ont été favorisées ou s'il 
s'agit d'adaptations morphologiques et physiologiques des espèces, qui entraînent une 
modification des paramètres FSC, SSC et FL1, sans pour autant changer le nombre et le 
rapport des espèces. 
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Annexe 2 - Article 7 – A new insight into allelopathic effects of 
Alexandrium minutum on photosynthesis and respiration of the 
diatom Chaetoceros neogracile revealed by photosynthetic-
performance analysis and flow cytometry 
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